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FOREWORD 


It is generally agreed that more attention should be given to research 
in the middle ground between the sciences. Geophysics — the study by 
physical methods of the planet on which we live — is 'a conspicuous example 
of such a middle-ground science, as it shades off imperceptibly in one 
direction or another into the fields of physics, astronomy, and geology, to 
say nothing of biology, with which the subject of oceanography is closely 
connected. Some branches of geophysics, such as meteorology, terrestrial 
magnetism, geodesy, and oceanography, have long been studied more or 
less independently, but it has become increasingly clear that these subjects 
and many others are all parts of geophysics. For various reasons there 
has lately been a considerable development of interest in geophysics, 
but this development has not been matched by the publication in English 
of systematic treatises on the subject. With these ideas in mind Dr. 
Joseph S. Ames, during his term as chairman of the Division of Physical 
Sciences of the National Research Council, was instrumental in organizing 
in 1926 a large committee to prepare a series of volumes on the physics 
of the earth, the purpose being “to give to the reader, presumably a 
scientist but not a specialist in the subject, an idea of its present status, 
together with a forward-looking summary of its outstanding problems.”- 

In due course subcommittees were formed to carry out this com- 
prehensive project. As a result of their work the following volumes, 
including the present one, have been published: 

I. Volcanology, 1931. 

II. The figure of the earth, 1931. 

III. Meteorology, 1931. 

IV. The age of the earth, 1931. 

V. Oceanography, 1932. 

VI. Seismology, 1933. 

VII. Internal Constitution of the Earth, 1939. 

VIII. Terrestial Magnetism and Electricity, 1939. 

IX. Hydrology, 1942. 

That this project, as ambitious as it is important, has now come to 
fruition with the publication of this series of nine volumes is due partly 
to the skill and farsightedness with which Dr. Ames selected the com- 
mittee and assisted in outlining its program; partly to the care and 
interest with which Dr.- Ames’s successor, Prof. Dayton C. Miller, directed 
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the committee’s activities during his term as chairman of the Division 
of Physical Sciences; and particularly to the devotion with which the 
chairmen and members of the several subcommittees have carried out their 
respective assignments. The hearty thanks of the National Research 
Council and of the readers of these volumes are due to the several authors 
for their efforts. 

In 1936, upon a recommendation from the American Geophysical 
Union, Dr. Robert A. Millikan, as chairman of the Division of Physical 
Sciences, appointed a subcommittee on hydrology, with 0. E. Meinzer as 
chairman, and R. W. Davenport as vice-chairman. It was planned to 
have each member of the subcommittee contribute to the volume on 
Hydrology, but for various reasons it became necessary to make several 
changes. In addition to the arduous and painstaking work done by the 
chairman, vice-chairman, and other joint authors, valuable help of one 
kind or another has been given by many other investigators in the different 
fields of hydrology. Special mention should be made of the specific 
services rendered by the following members of the United States Geological 
Survey: Bernard H. Lane, chief editor, recently retired, who edited the 
volume with respect to style and expression; Rodney Hart, who drafted 
most of the illustrations; V. C. Fishel and C. L. McGuinness, who assisted 
the chairman in technical editing; and R. G. Kazmann, who assisted 
especially in the preparation of the outline of the history of hydrology. 
Mr. Lane’s systematic and expert work, based on many years of experience, 
was his last major task before his death Jan. 12, 1942. Acknowledgment 
should also be made of the cooperation of the following scientific organiza- 
tions, chiefly through the contributions made by members of their .staffs: 
The Geological Survey, the Soil Conservation Service, and the Weather 
Bureau; the Universities of California, Minnesota, Nevada, and Wiscon- 
sin; and Antioch College and the North Carolina State College of Agricul- 
ture and Engineering. Furthermore, special appreciation is due to the 
joint authors who, as consulting engineers, have contributed much 
of their valuable time without remuneration, namely, Messrs. Lee, Meyer, 
Sherman, and Terzaghi, and also to Walter J. Parsons, Jr., of the U. S. 
Army Engineers Office, whose previously published discussion of ice in 
streams is a valuable contribution to this volume. 

Some of the statements in the preface of volume VIII of this series 
are equally applicable to this volume, as follows: The various authors 
have approached their subjects from many viewpoints. Naturally 
there will be some overlapping in the treatments and some differences of 
opinion. Repetition has been eliminated so far as has been possible 
without interfering with the continuity of thought. Many features in 
the rapid developments of theory and experiment in the field and in the 
laboratory of more recent years pave the way for different interpretations 
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by investigators. It is increasingly apparent, however, that, although 
such differences of interpretation may seem gfeat, they tend toward a 
harmonious integration in the solution of moot questions. 

The arrangement of the present volume is based on the principle of 
following the hydrologic cycle as nearly as practicable, but it is recognized 
that different arrangements could be made under the same principle. 
After the introduction the two basic processes, precipitation and evapora- 
tion, are described. Then the numerous and complicated processes of 
storage and transfer of the water are covered more or less systematically, 
leading ultimately to a discussion of the residual process, which is essen- 
tially the flow of the water back into the sea. The extended treatment 
of the processes of storage and transfer are followed by the chapter on the 
physical and chemical work done by the natural waters in the course of 
their circulation. Finally, somewhat as appendices, are the last two 
chapters, which describe the distinctive hydrology of the limestone and 
lava-rock terranes. 

Citations to literature are indicated by figures in brackets referring 
to the bibliography at the end of the particular chapter. 
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HYDROLOGY 


CHAPTER I 
INTRODUCTION 

Oscar E. Meinzer^ 

DEFINITION OF HYDROLOGY 
Hydrology an earth science 

Hydrology is, etymologically, the science that relates to water. It is, 
however, an earth science. It is concerned with the occurrence of water 
in the earth, its physical and chemical reactions with the rest of the earth, 
and its relation to the life of the earth. It includes the description of the 
earth with respect to its waters. It is not concerned primarily with the 
physical and chemical properties of the substance known as water. Like 
geology and the other earth sciences, it uses the basic sciences as its tools, 
but in doing so, it has developed a technique and subject matter that are 
distinct from those of the basic sciences. 

The central concept 

The central concept in the science of hydrology is the so-called hydro- 
logic cycle — a convenient term to denote the circulation of the water from 
the sea, through the atmosphere, to the land; and thence, with numerous 
delays, back to the sea by overland and subterranean routes, and in part, 
by way of the atmosphere; also the many short circuits of the water that 
is returned to the atmosphere without reaching the sea. See the diagram 
of the hydrologic cycle by Adolph Meyer that is given in the frontispiece. 

The science of hydrology is especially concerned with the second phase 
of this cycle — that is, with the water in its course from the time it is pre- 
cipitated upon the land until it is discharged into the sea or returned to 
the atmosphere. It involves the measurement of the quantities and rates 
of movement of water at aU times and at every stage of its course — rain 
and snow gaging to determine both the quantities and rates of rainfall and 
snowfall in all parts of the earth; snow surveying to determine the quan- 
tities of water stored as snow on the surface and the rates of its accumula- 

^ Geologist in charge, Division of Ground Water, Geological Survey, United States Depart- 
ment of the Interior, Washington, D. C. 
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tion and disappearance ; observations of the advance and retreat of glaciers 
and surveys of the glaciers to determine the quantities of water that they 
contain and their rates of gain or loss; the gaging of streams, both large 
and small, to obtain continuous records of their flow at many points and 
during long periods; the gaging of lake levels to compute the gains and 
losses in their storage; measurements of the rates and quantities of infiltra- 
tion into the soil and the movement of the soil moisture ; periodic or con- 
tinuous measurements of the water levels in wells to compute the gains 
and losses in underground storage; determinations of the permeability 
of the water-bearing formations and of the rates at which they are trans- 
mitting water; measurements of the discharge of springs and of total 
effluent seepage; determinations of the loads of dissolved and suspended 
matter which the waters contain in every position and the rates at which 
they carry it from one position to another; the quantities of water lost 
by evaporation and the rates of loss from the lakes, ponds, swamps, and 
streams, from the land surface, from objects on the surface and from the 
soil, and the quantities lost by transpiration from the leaves of growing 
plants, including native and cultivated trees, shrubs, and herbs. Hydrol- 
ogy is concerned with the development of accurate and feasible methods 
of making these measurements of diverse kinds, and with the accumu- 
lation and compilation of the great mass of resulting quantitative data. 
Finally, it is concerned with the great task of making rigorous studies of 
all the base data to determine the principles and laws involved in the 
occurrence, movement, and work of the waters in the hydrologic cycle. 

Kinds of water included 

Until recently hydrology has not had much recognition as a distinctive 
science, and therefore it is essential at the beginning of this volume to dis- 
cuss somewhat critically its field and its relation to sciences that have 
been better recognized. In its broadest sense, hydrology relates to all 
the waters of the earth, but for practical reasons it has been limited in 
several respects. 

The greatest reservoir of water on the earth is the ocean, which con- 
tains most of the earth's total supply. The science relating to the ocean 
is, however, called oceanography or, more properly, oceanology, and is 
not generally included in hydrology except as to the relations of the ocean 
to the waters of the land. 

The study of the water in the interstices of the rocks — even the water 
at comparatively great depths below the land surface — ^belongs unques- 
tionably to the science of hydrology. In most of the earth, however, the 
pressure of the overlying rock materials is so great that interstices cannot 
exist. There is abundant evidenpe that water or the dissociated elements 
of water occur in this internal part of the earth in some sort of solution 
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with the other rock material and that from time to time some of this inter- 
nal water reaches the surface or the rock interstices near the surface. This 
juvenile water comprises additions to the tangible water supply of the 
earth. It is also at one of the fringes of the science of hydrology. The 
critical studies of the water of internal origin have been made chiefly in 
connection with volcanology and metalliferous geology and belong most 
properly to those branches of geology. The study of springs, however, 
belongs definitely to hydrology, whether their water is hot or cold, and 
whether it is of internal origin or is derived from rain and snow. 

A very small but very active and important part of the water of the 
earth occurs in the atmosphere, either as a constituent of the gaseous 
envelope or as liquid or solid particles suspended in it. The study of the 
earth’s atmosphere is primarily a part of the science of meteorology, but 
hydrology deals almost entirely with water of atmospheric origin. Hence, 
it is concerned with the geographic distribution of the precipitated water, 
whether as rain or snow, with the quantities precipitated at each place, 
with the rates of precipitation, and with the whole complex subject of 
variations in quantity and rate. It is concerned with the source of the 
atmospheric water, whether from the sea or the land, and with its move- 
ments from the points of origin to the points of precipitation. It is also 
concerned with the return of the water to the atmosphere — that is, the 
modes of evaporation, as from water and land surfaces or by transpiration, 
and with the rates of evaporation under many different conditions. 

The supply of water in the earth is not a fixed and immutable quan- 
tity, but is decreased by hydration and increased by dehydration of the 
rocks. These chemical reactions are at the fringe of hydrology. They 
belong more properly to one of the branches of geology. Hydrology is 
concerned essentially with the chemically free or uncombined water of 
the earth. 

In both Europe and the United States there has been a tendency to 
restrict the term “hydrology” to the study of the water below the land 
surface and to use terms such as “hydrography” and “hydrometry” to 
denote the study of the surface water. Thus in the United States Geologi- 
cal Survey prior to 1906 there was a Division of Hydrography, which 
investigated the surface water, and a Division of Hydrology, which investi- 
gated the ground water. Thus also the German treatise “Hydrologie” 
[42], published in 1919, relates to the ground water and defines the term 
“hydrology” as that branch of the general science of water which relates 
specifically to the water below the surface (“unterirdisches Wasser”). 
This tendency probably resulted' from a conception that the scientific 
study of ground water was essentially distinct from the scientific study of 
surface water and that the maintenance of such a distinction through 
the application of independent terms would be desirable. 
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The International Association of Scientific Hydrology, organized in 
1924 as a member of the International Union of Geodesy and Geophysics, 
covers the study of all land waters as above defined and recognizes the 
approximate boundaries between its field and those of its sister associa- 
tions of oceanography, volcanology, and meteorology. The Section of 
Hydrology of the American Geophysical Union, organized in 1930, recog- 
nizes the same boundaries. 

At a meeting of the Executive Committee of the International 
Association of Scientific Hydrology in Zurich, in March 1938, four sub- 
divisions of hydrology were recognized — (a) potamology, (b) limnology, 
(c) hydrology (eaux souterraines) and (d) cryology. Potamology relates 
to surface streams, limnology to lakes, and cryology to snow and ice. 
The use of the term “hydrology” for the study of the water that occurs 
below the surface shows that this restrictive use has not been entirely out- 
grown and also that the.committee lacked a distinctive term for the branch 
of hydrology relating to the subsurface or subterranean water. To correct 
this deficiency the recommendation was made by the writer at the meeting 
of the International Association of Scientific Hydrology in Washington 
in September 1939 that the term “geohydrology” be adopted to denote 
the branch of hydrology relating to the subsurface or subterranean waters 
— that is, to all the waters below the surface [33]. 

With the physical fringes of hydrology thus defined, the science may 
be said to relate, in its restricted sense, essentially to the waters of the 
land — the atmospheric water so far as precipitation and evaporation are 
concerned; the water occurring on the land surface, as snow or ice or as 
liquid water that is flowing or impounded ; and the water occurring below 
the surface in the interstices of the soil and the underlying rocks. 

FA.CT0ES DETERMINING THE HYDROLOGIC CYCLE 

The hydrologic cycle may be said to be determined by conditions of 
three kinds — (1) the nature and application of the energy that keeps up 
the circulation; (2) the inherent properties of the medium of circulation 
— that is, of the water itself ; and (3) the structure of the natural reser- 
voirs and conduits — that is, of the atmosphere, the land surface, and the 
son and rocks, which hold water or conduct it in its course. 

SOUBCE OP ENEEGY 

The principal source of energy for operating the great natural system 
of waterworks is the sun. Some movements are produced by forces that 
are wholly or in part of terrestrial origin, such as the tides, the emanation 
of juvenile water, and the movements of water caused by earthquakes. 
These are, however, relatively incidental. The energy that keeps up the 
main circulation of the natural waters and enables them to do most of 
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the mechanical and chemical work is derived by radiation from the sun. 
The solar energy is applied in raising the temperature of air, soil and water, 
which results in the evaporation of some of the water and its transpor- 
tation to land surfaces at higher altitudes. Thus potential energy is 
acquired whereby, in response to the force of the earth’s gravity, the water 
moves in devious ways over the land and through the soil and rocks, not 
always downward, but. sometimes upward in a part of its course, as in any 
gravity system of waterworks. As the water moves it does a great amount 
of work in pushing or rolling the rocks, carrying materials in suspension 
and solution, and bringing together elements that cause chemical reactions. 
The solar energy, however, also operates on the water in processes that 
are not parts of the main circulation just outlined, as, for example, frost' 
action in the weathering of the rocks and the circulation of the water in 
lakes as a result of temperature changes. 

Evaporation of water from the soil, directly or through the agency of 
the plants, sets in operation another force — namely, that of the molecular 
attraction of the soil particles for water. Thus in the soil there are two 
principal forces, gravity and molecular attraction, that produce movement 
in the water, and often these two forces oppose and counteract each other. 

Propeeties op the water 

The circulation of the water in the earth is conditioned in many ways 
by the properties of the water itself. The pressure relation between the 
waters in the liquid and the gaseous state and its variation with tempera- 
ture determine the amounts of evaporation and precipitation and hence 
the degree of activity in the hydrologic cycle. In general the activity 
increases with the average atmospheric temperature. Presumably if the 
earth’s atmosphere were much warmer, the hydrologic activity would be 
greatly increased, up to the critical temperature. 

The freeiiing temperature of the water falls within the narrow range 
of temperatures of the earth’s atmosphere near the surface, and hence there 
is a variety and variation as between frozen and unfrozen conditions. 
Even slight lowering in average temperature has produced the radically 
different hydrologic conditions of the glacial stages, and any pronounced 
lowering that would congeal the waters over the entire surface of the earth 
would produce a condition of almost complete stagnation in hydrologic 
processes. The high specific heat and the latent heat of melting and 
vaporization have great effects in retarding the otherwise more rapid 
changes in the hydrologic processes. The density or specific gravity of 
the water determines the force that it exerts. The changes in density 
with changes in temperature, the expansion when freezing, with greatest 
density slightly above the melting point, all have marked consequences, 
especially in the hydrology of the lakes. The viscosity determines the 
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rate of flow of both surface and subterranean water and the relation 
between turbulent and laminar flow. It also determines the capacity of 
the water to carry material in suspension. The solvent properties give the 
water its capacity to disintegrate and dissolve the rocks, to carry the 
mineral substances in solution, and to precipitate them, cementing and 
altering the rocks and forming rock and ore deposits. 

Strtjctuee of the natural reservoirs and conduits 

The lower part of the earth’s atmosphere serves as a vehicle in which 
water vapor is transported in all directions, but with a net movement 
from the sea to the land, where it is precipitated and in general starts on 
its return course — partly through the flow of surface streams, partly 
through re-evaporation and wind movement, and partly through subter- 
ranean flow. The complicated influences of latitude and of the shape and 
size of the land bodies over which the atmosphere moves produce a great 
variation in the precipitation of the water vapor. This variation in pre- 
cipitation is the primary cause of variations in stream flow and in other 
processes of the hydrologic cycle. 

The character and shape of the land surface determine to a great 
extent the disposal of the precipitated water. The geomorphology, 
geology, soil, and vegetation of a drainage basin all influence profoundly 
its stream regimen and, indeed, every phase of its hydrology. Striking 
contrasts at once come to mind — rugged mountain areas with their swift 
torrential streams, contrasted with aggrading deltas and sluggish waters ; 
maturely dissected areas with their prompt and complete drainage, con- 
trasted with areas of recent glacial drift in which lakes and swamps 
abound; well-forested lands that tend to hold the rain and snow, con- 
trasted with denuded lands that allow quick runoff; areas of cavernous 
limestone with their extensive subterranean drainage and big .springs, 
contrasted with areas of relatively impermeable granitic rock that have 
well-developed systems of surface streams and numerous small spring.s. 
The evaluation of these different conditions and of the result. s of their 
complex combinations affords a large field for hydrologic study, on which 
only a beginning has been made. 

The hydrology of the ground water is everywhere controlled by the 
geology. The head and movement of the ground water, its recharge and 
discharge, its quantity and quality are all controlled by the character 
and structure of the rock formations. Some of the water from the rain 
and snow that passes beneath the surface is stored only temporarily as 
perched ground water or as bank storage, or it flows through the surficial 
interstices quickly enough to augment the floods or to maintain high stages 
of the streams immediately after the floods; some of the water sinks to the 
main water table and furnishes the principal flow of the streams during 
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the dry or frozen seasons; some percolates through artesian aquifers for 
hundreds or thousands of years before it is returned to the surface or 
discharged into the sea; and some apparently remains entrapped in 
deep-seated formations through a whole era of geologic time. 

THE HYDROLOGIC CYCLE IN RELATION TO LIFE 

The chief practical significance of the hydrologic cycle lies in the fact 
that it is the process by which water supplies are furnished to the land 
plants and animals and to man for his consumption and many other uses, 
and the related fact that water has the solvent, evaporative, and other 
properties which make it essential to the life processes of all plants and 
animals and adapt it for many domestic and industrial uses [32, pp. 86-87]. 

As all life depends upon water, hydrology is intricately related to 
biology, especially to the physiology and ecology of the plant kingdom. 
Thus in the United States about two-thirds of the water that falls as rain 
or snow passes by evaporation into the atmosphere, a large part of it being 
discharged through the life processes of the plants. The vegetative cover 
of the land, the root systems, and the plant and animal organisms in the 
soil greatly affect different important hydrologic processes, including not 
only evaporation in its different forms, but also infiltration, groundwater 
recharge, runoff, and the mechanical and chemical work of the water. 

The Cambrian strata contain the record of abundant marine life. 
In the half billion years that have elapsed since the Cambrian period both 
plant and animal kingdoms have undergone vast evolution, with extensive 
and effective adaptation for life on the land, even in the most arid regions. 
However, in this long process of adaptation to different environments no 
species of plant or animal has escaped from the fundamental requirement 
of a water supply in order to carry on its life processes. 

As tlie plant and animal kingdoms moved in large part from the sea 
to the land, radical adaptations to their changed water supply resulted. 
Thus it became necessary for both the land plants and the land animals to 
adapt themselves to the use of fresh water instead of salt water, and this 
adaptation has become so thorough that now salt water means death to 
nearly all land life. 

With advancing civilization the human race has found water td be a 
most convenient substance for a large and ever-enlarging list of uses. 
Indeed, its several properties, such as its solvent ability, its high specific 
heat, and its occurrence in the solid, liquid, and gaseous states within 
convenient temperature intervals and with high latent heat in passing 
from one state to another, lend themselves so remarkably to the needs of 
civilized man in his multitudinous domestic and industrial operations, 
recreational activities, and therapeutic applications that it seems as if 
these properties were providentially designed for his benefit. It is an 
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interesting exercise to make a list of the uses to which water is put by man, 
many of which are analogous to the physiologic functions of water in 
living organisms, as for example, the conveyance and storage of material 
and energy, often with resultant chemical changes, the regulation of 
temperature, and the elimination of waste [32, pp. 86, 87]. 

As water is essential to all life and as it is the earth’s leading vehicle 
for mechanical and chemical transportation, it is not surprising that many 
practical applications are made of all phases of the science of hydrology. 
Conservation of the soil and soil moisture, river, shore, and harbor 
improvements to promote navigation and flood control, reservoir con- 
struction, well construction, water-supply developments, irrigation, water 
treatment, sewage disposal— all these human activities depend upon the 
principles and data of hydrology.' This condition gives impetus to the 
study of hydrology, but it may be detrimental in diverting the attention 
of hydrologists too much from the development of the science to its 
application. 

The works of man have produced many changes in the regimen of the 
natural waters. To the hydrologists these are large-scale experiments by 
means of which the principles and laws of hydrology may be tested. The 
study of these artifically modified conditions, therefore, forms an impor- 
tant part of hydrologic research, which should not be confused with the 
engineering work of planning and building the structures that produce the 
changes. 


HISTORICAL DEVELOPMENT OF HYDROLOGY 
Ancient anp medieval concepts 

The concept of the hydrologic cycle has become so generally accepted 
that it is difficult to appreciate the long history that lies back of its devel- 
opment and demonstration. From the dawn of history until compara- 
tively recent times the source of the water of the springs and streams has 
constituted a puzzling problem that has been the subject of much specula- 
tion and controversy. Prior to the later part of the seventeenth century 
it was generally assumed that the water discharged by the springs could 
not be derived from the rain — first, because the rainfall was believed to be 
inadequate in quantity, and second, because the earth was believed to be 
too impervious to permit penetration of the rain water far below the 
surface. With these two erroneous postulates lightly assumed, the 
philosophers devoted their thought to devising ingenious hypotheses to 
account in some other way for the spring and stream water. Some of the 
early writers were apparently satisfied with the postulate that the water 
is derived from huge inexhaustible subterranean reservoirs, but others 
recognized that there must be replenishment of the reservoirs which supply 
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the springs. Thus arose the concept of a hydrologic cycle in which water 
was supposed to be returned from the ocean to the springs, not by way of 
the atmosphere but by way of subterranean channels. 

In Book 21 of the Iliad is the statement “With Jove neither does King 
Achelous fight nor the mighty strength of the deep-flowing Oceanus, from 
which flow all rivers and every sea and all springs and deep wells.” This 
statement suggests the concept of the hydrologic cycle. Homer, who 
lived nearly 1,000 years before Christ, is generally regarded as the author 
of the Iliad, but the critical studies of Robinson Smith have shown that 
large parts of the present Iliad, including the above quotation, were not 
in the original Iliad by Homer but were added at some later date. The 
writings of Thales (about 650 B.C.) likewise state that the springs and 
streams are supplied from the ocean, and the explanation is made that the 
sea water is driven into the rocks by the winds and is then elevated in the 
mountains by the pressure of the rocks [21, p. 74]. Plato (427-347 B.C.), 
in his dialogue entitled Phaedon, makes a statement to the effect that the 
waters that form the seas, lakes, rivers, and springs come from a vast 
cavern, called Tartarus, and that all these waters return through various 
routes to Tartarus [37, p. 65]. 

The hypothesis that the springs are fed by sea water through sub- 
terranean channels gave rise in ancient and medieval times to subsidiary 
hypotheses to explain how the sea water is freed from its salt and how it is 
elevated to the altitude of the springs. The removal of the salt was 
vaguely ascribed to various processes of either filtration or distillation. 
The elevation of the water was ascribed by different writers to processes of 
vaporization and subsequent condensation, to rock pressure, to suction of 
the wind, to a vacuum produced by the flow of springs, to pressure exerted 
on the sea by the wind and waves, to “the virtue of the heavens”, to 
capillary action, and to the curvature of the surface of the sea whereby 
the sea was believed to stand higher than the springs and hence to furnish 
the necessary head. 

Aristotle (384-322 B.C.) developed a theory of subterranean con- 
densation, suggested by the condensation of atmospheric water vapor 
[1, p. 4; 2, pp. 426-431]. In his treatise entitled Meteorologica he recog- 
nized the processes of evaporation and condensation. He had the concept 
that through the sun’s rays the water is changed into air, and that when 
the air becomes cold it is changed back into water and falls as rain. He 
recognized that some of the rain is discharged by the streams and appar- 
ently also that some percolates into the earth and reappears in the springs. 
He placed the greatest emphasis, however, upon his theory that sub- 
terranean condensation produces the major part of the water that flows 
from the springs and supplies the rivers. He was apparently not much 
concerned with the problem of the hydrologic cycle. 
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Two main replenishment theories were thus developed by the philoso- 
phers of ancient Greece — one to the eflfect that sea water is conducted 
through subterranean channels below the mountains and is then purified 
and raised to the springs, and the other to the effect that in the cold dark 
caverns under the mountains the subterranean atmosphere and perhaps 
the earth itself are changed into the moisture that feeds the springs [31]. 
These philosophers were pioneering in vast untrodden fields of thought. 
Although both theories were erroneous, each was in some respects close 
to the truth. The Greeks were familiar with cavernous limestone terranes, 
and hence they conceived the subterranean regions to have great open 
spaces with natural processes comparable to those on the surface. 

The Roman philosophers in general followed the Greek ideas. Lucre- 
tius (about 95-52 B.C.) and Pliny (23-79 A.D.) adopted the sea-water 
concept, but Seneca (3 B.C.-65A.D.) accepted Aristotle’s condensation 
theory. Lucretius recognized that water is evaporated from the sea and 
the land and that it is eventually returned as rain. In his De Rerum 
Natura (Book 6) as abbreviated from the translation by Munro, he stated, 
“The clouds imbibe much sea water. In like manner moisture is taken 
up out of all rivers into the clouds; and when the particles of water have 
met in them the close-packed clouds endeavor to discharge their moisture, 
from two causes: the force of the wind drives them together and the very 
abundance of the rain clouds pushes down, presses from above and forces 
the rain to stream out.” His explanation of the origin of the rivers is, 
however, based mainly on the theory of subterranean return of the sea 
water, as is shown by the following language (Book 5): “That the sea, 
rivers, and springs always stream over with new moisture and that waters 
well up without ceasing, it needs no words to prove. But the water on the 
surface is always taken off, and thus it is that on the whole there is no 
overflow, partly because the seas are lessened by the strong winds sweeping 
over them and by the ethereal sun decomposing them with his rays; 
partly because the water is diffused below the surface over all lands, for 
the salt is strained off and the liquid streams back again to the source and 
all meets together at the river heads and then flows over the lands in a 
fresh current.” 

The two books on the water supply of Rome by Julius Frontinus, 
water commissioner of the city in 97 A.D., were translated by Clemens 
Herschel [18], who also made enlightening comments which indicate the 
lack of knowledge at that time of anything that might be called hydrology 
of either surface or ground water. Although the Romans had a great 
appreciation of the value of water and built remarkable aqueducts to 
supply water to the capital city, their methods of measuring or estimating 
the flow of water were very crude, based on cross-section areas, with only 
vague recognition of the effects of head and velocity. Herschel points 
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out that Hero of Alexandria, who may be considered the teacher of 
Frontinus, had a clearer understanding of what is involved in measuring 
flowing water and recommended better practice than was anywhere shown 
in Roman water law. He translated a statement by Hero as follows: 
“Observe always that it does not suffice to determine the section of flow 
in order to know the quantity of water furnished by the spring. It is 
necessary to find the velocity of its current, because the more rapid the 
flow the more water the spring will furnish, and the slower it is the less it 
will produce. For this reason, after having dug a reservoir under the 
stream, examine by means of a sundial how much water flows into it in an 
hour, and from that deduce the quantity of water furnished in a day.” 

During the Middle Ages, according to Adams [1, pp. 8 and 9; 2, p. 
432], all the philosophers and interpreters of Holy Scripture, from St. 
Jerome (340-420 A.D.) down, taught that the springs have their origin in 
the sea. The writers stated that the water escapes through holes in the 
bottom of the sea, flows through subterranean channels, and thence is 
elevated to the springs. They generally based this assumption on 
passages in the Bible, such as Ecclesiastes 1:7, the King James version of 
which reads as follows: “AU the rivers run into the sea, yet the sea is not 
full; unto the place from whence the rivers come thither they return 
again.” The traditional author of this book is King Solomon, who, like 
Homer, lived nearly 1,000 years before Christ. Critical studies have, 
however, shown that the book was written in a later period by some other 
Hebrew author. It should be noted that it is not this verse in Ecclesiastes 
but the medieval misinterpretation of it that is in conflict with the modern 
concept of the hydrologic cycle, for it does not express any theory as to the 
operation of the landward phase of the cycle. Nevertheless, it became 
heresy to doubt the subterranean sea-water theory. 

The following comment on Ecclesiastes 1 :7 is made by James Moffatt 
in a personal communication: “The Hebrew idiom is that the rivers 
continue to flow. It is possible that the hydrological idea [hydrologic 
cycle] was present to the writer’s mind, as it appearently was to the mind 
of another Hebrew in touch with Greek thought, the author of Job 36: 27 
and 28, but in any case it is not the point of his argument. All he means 
to indicate, as Aristophanes does in the Clouds, is the strange fact that 
' the sea grows no bigger though rivers flow into it. ’ Lucretius at a later 
period discusses the scientific explanations, but our Hebrew writer is 
simply illustrating what is to him the unending and vain course of things 
in nature, and there is no clear suggestion that he alludes to evaporation 
or to subterranean channels.” 

The Moffatt translation of the verse reads as follows : 

The streams all flow into the sea, 

But the sea they never fill, 

Though the streams are flowing still. 
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The King James version and also I^uther’s German translation accord 
with St. Jerome’s Latin translation and were probably derived from it 
rather than from the original Hebrew. St. Jerome was familiar with the 
Greek literature and also with the writings of Lucretius. Thus it appears 
that he, rather than the Hebrew author, may have placed the hydrologic 
cycle into the book of Ecclesiastes and also that the medieval defenders of 
the faith were defending Greek philosophy and not the authentic teachings 
of the Holy Scriptures. 

The theory now generally accepted— that the ground water is for the 
most part derived from rain and snow by infiltration from the surface — 
was briefly but clearly stated by Marcus Vitruvius, who lived about the 
time of Christ. Vitruvius was not a philosopher but an architect. He 
produced a work on architecture in ten books, and in conformity with the 
importance given by the Romans to water supplies, he devoted one of the 
ten books to that subject. At the beginning of Book 8, as quoted from 
the English translation by Givilt [46, pp. 177-200], he stated: "As it is the 
opinion of physiologists, philosophers, and priests that all things proceed 
from water, I thought it necessary, as in the preceding seven books rules 
are laid down for buildings, to describe in this the method of finding water, 
its different properties according to the varied nature of places, how it 
ought to be conducted, and in what manner it should be judged of; 
inasmuch as it is of infinite importance for the purposes of life, for pleasure, 
and for our daily use.” The mountains, he explained, receive a large 
amount of rain and snow, the water from which percolates through the 
rock strata to the foot of the mountains and there, issuing forth, gives rise 
to streams. 

Vitruvius gave a list of plants that indicate the occurrence of ground 
water, and he endeavored to specify the conditions under which they may 
be regarded as reliable indicators. He also explained the process of 
alkali accumulated by evaporation of ground water. Similar statement.s 
in regard to plant indicators are found in the writings of Pliny, who appar- 
ently quoted Vitruvius, and in those of Cassiodorus, in the sixth century, 
who obtained his ideas largely from an "aquilege”, or professional water 
finder, who came to Rome from the arid regions of Africa. "Because of 
the great aridity of the terranes of his country,” wrote Cassiodorus, "the 
art of discovering springs is there cultivated with the greatest care.” 

Vitruvius and the other Roman writers who have been mentioned 
discussed also less tangible methods of locating ground water, such as 
color and dampness of the soil, mists rising from the ground early in the 
morning, and sponges becoming moist when placed in shallow holes in the 
ground. Obviously these methods border closely on divining, or water- 
witching, and it is greatly to the credit of Vitruvius, Pliny, and Cassiodorus 
that none of them apparently recognized divining or any other magical 
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method for locating water. Although the means suggested by Vitruvius 
as aids in finding water may not have had much value, yet they were 
serious efforts to discover practicable methods at a time when the science 
of geology was still a complete blank. 

The foundebs op hydeology 

Until near the end of the seventeenth century the two old Greek 
hypotheses chiefly occupied the field, with many fantastic adornments, 
but the infiltration theory was advocated by a few writers, notably by 
Leonardo da Vinci (1452-1519) and Bernard Palissy (about 1509-89). 

Leonardo da Vinci was a man of exceptional genius and versatility, 
and he had the habit of making accurate observations of nature and basing 
his conclusions on such observations. In charge of the canals in the 
Milan area, his attention was directed to the occurrence and behavior of 
the natural waters. He had a correct understanding of the hydrologic 
cycle, including infiltration of rain and return of the water through springs, 
as is shown by the following excerpts, from his writings, as translated by 
Richter (Oxford University Press, 1939) : 

Whence we may conclude that the water goes from the rivers to the sea and from 
the sea to the rivers, thus constantly circulating and returning, and that all the sea and 
rivers have passed through the mouth of the Nile an infinite number of times. . . . 
The conclusion is that the saltness of the sea must proceed from the many springs of water 
which, as they penetrate the earth, find mines of salt, and these they dissolve in part 
and carry with them to the ocean and other seas, whence the clouds, the begetters of 
rivers, never carry it up. 

Palissy was a French Huguenot, the inventor of enameled pottery, 
and a pioneer paleontologist [36]. He was reared in poverty and was not 
educated in Greek or Latin. He began early, to observe nature, and he 
based his theories on his own observations. “I have had no other books,” 
he wrote, "than Heaven and Earth, which are open to all.” His dis- 
course on water and springs was written in French, whereas the philosophic 
treatises of that period were generally in Latin. This discourse is in the 
form of a fascinating dialogue between “ Theory” and "Practice.” It was 
translated into English by E. E. Willett in 1876 (W. J. Smith, Brighton). 

"When for a long time,” says Practice, "I had closely considered the 
cause of the sources of natural fountains and the place whence they might 
proceed, at length I became plainly assmed that they could proceed from 
or be engendered by nothing but the rains.” Theory replies: "After 
having heard your opinion I am compelled to say that you are a great fool. 
Do you think me so ignorant that I should put more faith in what you say 
than in so large a number of philosophers who tell us that all Waters come 
from the sea and return thither? There are none, even to the old men, 
who do not hold this theory, and from all time we have believed it. It is 
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a great presumption in you to wish to make us believe a doctrine altogether 
new, as if you were the cleverest philosopher.” To which Practice replies . 
“If I were not well assured in my opinion, you would put me to great 
shame, but I am not alarmed at your abuse or your fine language; for I am 
quite certain that I shall win against you and against all those who are of 
your opinion, though they be Aristotle and the best philosophers that ever 
lived; for I am quite assured that my opinion is trustworthy.” 

Thus the argument is developed. Theory defends first the seawater 
and then the condensation hypothesis, while Practice, with clear and valid 
arguments, shows the absurdities of these hypotheses and then presents 
simple but convincing evidence that all the water of the springs is derived 
from rain. In positive language he explains that the rain water seeps into 
the earth and sinks to impervious rock, over which it flows until it reaches 

an outlet and discharges as a spring. 

The science of hydrology may be considered to have begun with the 
work of Pierre Perrault (1608-80), Edm4 Mariottd (1620-84), and other 
French physicists and of the English astronomer Edmund Halley (1656- 
1742). These men put hydrology for the first time on a quantitative 
basis. 

Perrault made measurements of the rainfall during 3 years, and he 
roughly estimated the area of the drainage basin of the Seine River above 
a point in Burgundy and of the runoff from this same basin. Thus he 
computed that the quantity of water that fell on the basin as rain or snow 
was about six times the quantity discharged by the river. Crude as was 
his work, he nevertheless demonstrated the fallacy of the age-old assump- 
tion that the rainfall is inadequate to account for the discharge of springs' 
and streams. Perrault also exposed water and other liquids to evapora- 
tion and made observations on the relative amount of water thus lost. 
He also made investigations of capillarity, established the approximate 
limits of capillarity in sand, and showed that water absorbed by capillarity 
cannot form accumulations of free water at higher levels. 

Marietta computed the discharge of the Seine at Paris by measuring 
its width, depth, and velocity at approximately its mean stage, making 
the velocity measurements by the float method. He essentially verified 
Perrault’s results. In his publications, which appeared after his death in 
1684, he defended vigorously the infiltration theory and created some of 
the modern thought on the subject [27]. According to the brief digest of 
his work by Keilhack [21, pp. 80-81], he maintained that the water derived 
from rain and snow penetrates into the pores of the earth and accumulates 
in wells; that this water percolates downward till it reaches impermeable 
rock and thence percolates laterally; and that it is sufficient in quantity 
to supply the springs. He demonstrated that the rain water penetrates 
into the earth and used for this purpose the cellar of the Paris Observatory, 
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the percolation through the cover of which was comparable with the 
amount of rainfall. He also showed that the flow of springs increases in 
rainy weather and diminishes in times of drought, and explained that the 
more constant springs are supplied from the larger underground reservoirs. 

The relative credit that should be given to Perrault and Mariotte 
has been a question of considerable disagreement. Several writers have 
stated that Perrault opposed the infiltration theory. Fortunately there 
is in the United States Geological Survey library a copy of the 1678 
edition of his treatise on the origin of springs [38], first published in 1674. 
In this treatise Perrault did not argue against the infiltration theory, but 
rather explained that, while Vitruvius and Palissy believed that ground- 
water recharge occurs chiefly from rain and snow on the mountains, he 
himself held that the rain feeds the streams directly and that the seepage 
from the streams on the lower slopes supplies the ground water, which 
eventually returns to the surface in the lowlands [31, pp. 11-12]. 

Soon after Perrault and Mariotte measured the flow of the Seine 
River and demonstrated that the rainfall is suflBcient to supply the stream 
flow, Halley made observations on the rate of evaporation and demon- 
strated that the evaporation from the Mediterranean Sea is ample to 
supply the quantity of water returned to that sea by the rivers flowing 
into it. His tests of evaporation were made with much care on a salt 
solution having the concentration of sea water, but his estimates of stream 
discharge were very crude. He described his work on this subject in 
papers published in 1687, 1690, and 1694 [24]. 

Vitruvius, da Vinci, and Pahssy were discoverers and pioneer advo- 
cates of correct hydrologic principles, but their contributions were not 
effectively followed up. Perrault, Marietta, and Halley, however, under- 
took hydrologic research of the modern scientific type, and they may well 
be regarded as the founders of hydrology. 

Early development op the science 

The study of artesian water naturally came next in historical develop- 
ment to that of the origin of springs. Even before the emergence of 
geology, the basic principles of artesian pressure were understood. Pio- 
neers in the development of the hydrostatic theory of artesian pressure 
were the Italian astronomer and geographer Giovanni Cassini (1625-1712) 
and the Italian physician Bernardini Ramazzini, whose best-known pub- 
lication appeared in 1691. In 1715 Antonio Vallisnieri, president of the 
University of Padua, Italy, published a book based on his personal obser- 
vations in northern Italy, which gave a correct explanation of the source 
of artesian water and the mechanism of artesian systems. His theory 
was illustrated with geologic sections by Scheuchzer, which, according to 
Adams [2, p. 454], were among the earliest geologic sections ever drawn. 
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The origin and early development of hydraulic science was outlined 
by Herschel [18, pp. 216-219] as follows: 

“To appreciate Frontinus’ position with regard to a proper knowledge 
of the velocity of efflux and generally of the velocity of running water, it 
is instructive to follow the development of the art from his time until we 
arrive at the formula v = V^, now known to every beginner in hydraulic 
science, and the very foundation stone of that science as it is known at the 
present day. This formula and the numerical values it gives to velocities 
of efflux were not discovered until about the year 1738, when Daniel 
Bernouilli and John Bernouilli, his father, each published a different 
mathematical demonstration of this law. 

“Castelli (1577-1644), a Benedictine monk, the pupil of Galileo, first 
showed that the quantity of efflux in a given time depended by law on, or 
was a function of, the depth of water in. a bowl that is, was a function of 
the head. It was his pupd Torricelli (1608-47), the inventor of the 
barometer, the grandson, in a professional sense, of Galileo, who first 
proved, in 1644, or only 2 years after Galileo’s death, that the velocities 
of efflux are as the square roots of the head. But this still furnished no 
numerical value for the velocity of efflux. Huygens (1629-95), the inven- 
tor of pendulum clocks, first found the numerical value of the acceleration 
of gravity, commonly represented by the letter g, in 1673. Sixty-five 
more years had to elapse, until the genius of the two Bernouillis, father 
and son, in 1738, finally laid the foundati^of modern determinate 
hydraulics, by writing the equation of v = V2gh.” 

Quantitative hydrology also received impetus from the work of 
Henri Pitot in 1732 when he described a series of experiments designed 
to measure the velocity in different parts of the cross section of a river. 
Among other things he told of a curved tube which he had invented to 
measure the velocity of water at any point. This instrument, with little 
refinement, is still widely used to measure the velocities of fluids. With 
it engineers were able to obtain much more accurate measurements than 
previously of the quantity of water flowing past a given point during a 
given time. 

Other workers contributed to the development of the science of hydrol- 
ogy during the first half of the eighteenth century. Thus Bernard Forest 
Belidor (1697-1761) devised apparatus to utilize tidal power and wrote 
books on hydraulics; Rev. J. T. Desaguliers (1683-1744) proposed the 
siphon theory of ebbing and flowing springs; and James Jurin (1684-1750) 
and Jean D’Alembert (1717-76) contributed to the mathematics of 
hydraulic theory. 

In 1762 Paul Frisi published a “Treatise on rivers and torrents” 
[14], which gave some quantitative data and refuted some incorrect 
hydrologic theories while introducing new theories equally incorrect. 
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Frisi’s most important contribution, however, was in pointing out the 
limitations of the theoretical approach to formulas for measuring the flow 
of water. His empirical attitude toward hydrodynamics, still widely held 
by engineers, is illustrated by the following quotation from his treatise 
[14, p. 57]: 

“One single reflection is sufficient to show that all hydraulic problems 
are beyond the reach of geometry and calculus. The difficulty of all 
problems is increased in proportion to the number of conditions (variables) 
. . . Thus, mechanical problems become so much more complicated as the 
number of bodies whose motions are sought and which act in any way on 
each other is augmented. ... In a fluid mass which moves in a tube or 
in a canal the number of bodies acting together is infinite; whence it follows 
that to determine the motion of each body is a problem depending on an 
infinity of equations, which it is, of course, beyond all the powers of algebra 
to reach.” 

In 1775 Antoine de Chezy [7] announced that the velocity of a river 
varies with its surface slope, and he expressed the relation between slope 
and velocity in a formula that is still known as the Chezy formula [17, pp. 
117-127]. This formula gave hydrologists a new basis for estimating the 
flow of water in streams, and, with minor changes, it is still in use. In 
1779 Dubat, in a study financed by the French Government, established 
the principle that the motive force of each particle of water is due entirely 
to the surface slope of the water and that the resistances are due to the 
viscosity of the water and friction on the bed. 

In 1791 hydrology received impetus from' the work of La M^therie, 
who extended the researches of Mariott4 and placed them on a broader 
basis while simultaneously bringing them to the attention of meteorolo- 
gists. He investigated the permeability of different kinds of rocks and 
explained that a part of the water from rain and snow flows off directly, 
a second part moistens the soil and evaporates or feeds the plants, and a 
third part penetrates to reservoirs at greater depths, from which it gradu- 
ally issues as springs [21, p. 81]. 

In 1798 Giovanni Venturi made a contribution on the flow of water 
in his treatise giving the results of his experiments upon the contraction 
of the fluid vein. This treatise formed the basis for the work of Clemens 
Herschel, who in 1886 invented the device that he named the venturi 
meter. 

Hydrology in the first part of the Nineteenth Century 

The science of hydrology, so far as it relates to ground water, could 
not be greatly developed until the fundamental principles of geology were 
established, near the end of the eighteenth century. In the early part of 
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the nineteenth century William Smith, who has been called the father of 
English geology, did pioneer work in applying the newly developed science 
of geology to the problems of hydrology {43]. The most systematic and 
effective early work in developing geohydrology, however, was done by 
French scientists. Largely through their work the principles of the geo- 
logic occurrence of ground water and the hydrostatic theory of artesian 
flow became established by the middle of the nineteenth century. 

During the first part of the nineteenth century the French hydrolo- 
gists were especially active. Among them Poncelet and Lesbros, Belanger, 
de Thury, Laval, Deschamps, de Buffon, and Mulct may be mentioned. 
These men improved river-velocity formulas, investigated artesian flow, 
drilled the first deep wells, discussed the theory and practice of river 
improvement, fought incorrect hydrologic hypotheses, and did the first 
work on some problems that remained unsolved until more recently. 
Thus there is an interesting parallel between Laval’s observations and 
conclusions on the effects of bridge piers in increasing flood stages, and the 
work of the United States Waterways Experiment Station in Vicksburg, 
nearly 100 years later, in conducting model studies on a specific problem 
of the same nature. 

Among the Italian hydrologists in this period were Venturoli and 
Lombardini. Venturoli analyzed the flow of the Tiber River over a period 
of years; Lombardini wrote many papers in which he discussed the effects 
of lakes in equalizing flow and of levees in increasing flood heights and 
analyzed by statistical methods the monthly discharges of several Italian 
rivers. 

Among German investigators were Julius Weisbach, who contributed 
to hydraulic theory; Johann Eytelwein, who made experiments for the 
determination of coefficients for the Ch4zy formula; 0. E. Meyer, who 
preceded Darcy in discovering the law of the flow of ground water; and 
Karl Bischof, the results of whose work in ground water were given in his 
textbook on chemical and physical geology. 

The art of measuring systematically the flow of streams to determine 
their daily discharge progressed slowly during the nineteenth century. 
The earliest records were computed by means of various slope formulas. 
The next step was to make a few determinations of velocity to check or 
modify existing formulas or to serve as the basis for new ones. The third 
step was the measurement of velocity by current meters. 

During the first half of the nineteenth century considerable pioneer 
work was done in the measurement of the discharge of streams. Eseher 
de la Linth computed the annual discharge of the upper Rhine near Basel 
during the years 1809 to 1821. Defontaine made a series of measurements 
of the Rhine and its tributaries during the years 1820 to 1833. Venturoli 
computed the daily discharge of the Tiber at Rome for the years 1825 to 
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1836. Baumgarten made a series of measurements and observations of 
the Garonne River between 1837 and 1846. These discharges were com- 
puted by means of slope formulas, a few of them modified by measure- 
ments of velocity, probably by means of floats. 

In 1813 Baron Cornelius Krayenhoff [23], a Dutch hydrologist, pub- 
lished a comprehensive collection of tables of observations upon the 
topography and hydrography of Holland. Included in this publication 
were detailed records of discharge, based on records of slopes of the water 
surfaces of the rivers, gage heights, velocity profiles, and similar hydro- 
logic data. 

Toward the end of the eighteenth century the English scientist John 
Dalton had conducted notable experiments on evaporation, and in 1801 
he discovered the law of partial pressures that bears his name. He was 
interested in infiltration, and in 1802 he published the results of experi- 
ments that he made with lysimeters to determine the quantities of water 
that percolate through soils of different types. He made experiments 
and observations to determine whether the quantity of rain and dew in 
England and Wales is equal to the quantity of water carried off by rivers 
and raised by evaporation, with an inquiry into the origin of springs. He 
reached the conclusion that they are equivalent [24]. 

In the first half of the nineteenth century the development of hydrol- 
ogy in the United States was stimulated not only by the needs for water 
supply but also by the needs for river and canal transportation. About 
1817 to 1820 extensive studies of the hydrology of lakes, canals, and rivers 
were undertaken by DeWitt Clinton [8], who was a president of the New 
York Philosophical Society but is better known as a governor of New York 
and the builder of the Erie Canal. He made no important original con- 
tributions but he prompted public interest in hydrology and set a whole- 
some example by applying all existing knowledge to the problems in 
planning the Erie Canal. He made a study of lake levels and estimated 
the losses to be expected in a canal through evaporation and percolation. 
His knowledge of hydrologic theory was used to achieve his dream of a 
canal connecting the granaries of the newly opened Midwest with the 
European markets. His arguments for the building of the canal were so 
well founded and so ably stated that he convinced the public that his plan 
was hydrologically feasible. Consequently when he was elected governor 
of New York public support of the project was insured and the canal was 
built. 

. In 1822 Gen. Simon Bernard and Col. Joseph Totten made a report 
to the commandant of the United States Engineers on the condition of 
the Ohio and Mississippi Rivers, giving exact details concerning the falls 
of the Ohio. This report was the forerunner of the elaborate hydrologic 
studies that have been made on these river systems in the last 100 years. 



20 


HYDROLOGY 


In 1843, on the completion of the Croton Aqueduct for the public 
water supply of New York City, a comnaeinorative volume was issued 
which dealt fully with the hydrology and construction of the city’s water- 
supply system [22]. 

Hydrology in the middle part of the nineteenth century 

In 1850 appeared the “Manual of hydrology” by the English civil 
engineer Nathaniel Beardmore [3], which remained a source book for 
hydrologists and hydraulic engineers for almost 50 years. ^ The book was 
twice revised and was published in second and third editions. In the 
third edition, published in 1862, the author made the following remarks: 

“The refined but practical questions of surface slope and velocity 
of water and, above all, of the volume accompanying a given fall and 
velocity or certain known rainfall, were subjects almost untouched [until 
publication of the first edition of this volume] ; the source or supply of 
water in reference to the amount of rain was a subject which only a few 
canal and waterworks engineers had investigated; and they were not much 
disposed in olden times to communicate the practical experience acquired 
by the hard labor of years. 

“Hydrological science embraces the widest conditions; not only has 
climate to be considered, but the elevation, inclination, and geological 
formation of the substratum. Practical construction requires great 
previous experience, when the science has to be applied; for instance, in 
drainage and waterworks. . . . 

“ The treatise being designed to form a practical manual for every 
day use, it would be out of place to have entered at any length upon 
theory.” 

Beardmore attempted to compile and correlate all the existing 
applicable hydrologic and hydraulic data and to place them in accessible 
form for the engineer and engineering student. His manual had an 
important effect in removing hydrology and hydraulics from the sphere 
of secrecy into the field of open scientific research and discussion. 

The manual contained four divisions. The first division related 
primarily to hydraulic engineering. The discharges of weirs, sluices, 
pipes, culverts, and rivers were computed and put into accessible form. 
There were many tables of conversions and a few mathematical tables to 
facilitate computation. Although in general the tables are now out of 
date, they were a great improvement over reliance upon the individual 
judgments of isolated engineers. The second part related to the hydrology 
of surface waters — the flow from land areas and the recorded flow of 
several large rivers, together with a description of their drainage basins 
and remarks on springs, percolation, and wells. The third division dealt 
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primarily with a favorite British topic — namely, the tides at different 
ports and their strength, direction, and height in the different estuaries. 
The fourth division related to rainfall and evaporation. It included a 
few records of evaporation and about 80 pages of rainfall records pertain- 
ing to all parts of the world. 

In 1849 John Fletcher Miller [35] sent to the Royal Society of London 
the records of a systematic attempt to correlate rainfall with altitude and 
the effects of elevating rain gages above the land surface. The investiga- 
tion was financed by several engineers and others who needed the basic 
information given by the study. This work illustrates a trend, which was 
becoming more noticeable, to collect basic hydrologic data rather than to 
formulate and reformulate mathematical expressions from laboratory 
experiments or restricted field observations. 

In 1857 Lorin Blodget published his book entitled "Climatology of 
the United States” [5], which contributed notably to the hydrology of the 
United States in its discussion of the distribution of the rain and its 
presentation of a series of rainfall maps of the country. 

Between 1848 and 1850 several notable publications on the Mississippi 
River system appeared. Andrew Brown published a paper in which he 
presented the results of a series of discharge and sediment measurements 
on the Mississippi River at Natchez. Lt. Robert A. Marr, of the United 
States Navy, published the results of certain observations at Memphis, 
Tenn., which included precipitation, mean temperature, weekly evapora- 
tion, gage heights, and daily discharge of the Mississippi River. Charles 
Ellett, Jr., published a memoir on thfe physical geography of the Missis- 
sippi Valley and did pioneer work in developing the rating-curve method 
of stream gaging. Caleb G. Forshey published some observations on the 
regimen of the Mississippi in Louisiana. 

In 1850 the Congress of the United States authorized the study of 
hydrology on a rather large scale when it directed that a "topographical 
and hydrographical survey of the delta of the Mississippi River” be made 
to determine "the most practicable plan to secure it from inundation.” 
Capt. A. A. Humphreys, of the United States Topographical Engineers, 
was put in charge of the work, and in 1854 he received the assistance of 
Lt. H. L. Abbot [19, p. 21]. Until 1860 this notable team labored on 
measurements, maps, research, theory of flow, and estimates of discharge. 
Their observations were numerous and very painstaking, and their con- 
clusions were carefully drawn and well supported. Their work has stood 
the test of time, and to a large extent it has blazed the trail for modern 
hydrology both in this country and in Europe. Their comprehensive 
report, published in 1861, includes a history of the hydraulics of rivers 
[19, pp. 184-197], together with a critical estimate of the work done on 
this subject' prior to that time. 
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In 1855 J. B. Francis [13] published the results of numerous experi- 
ments, made in his pioneer hydraulic laboratory in Lowell, Mass., on the 
discharge of water over weirs. So highly regarded were these experiments 
that in 1895 Herschel [17, p. 108] said that “if weirs are to be looked on as 
devices for measuring w'ater, we have in Francis’ Lowell hydraulic experi- 
ments nearly all that will ever be needed upon that subject. . . . As is 
well known, no expense was spared in the conduct of the Lowell experi- 
ments to insure extreme accuracy, and as a consequence the boon of exact 
knowledge on the cases of weir discharge treated in the book named has 
been conferred, by these experiments, on succeeding generations.” 

In a different attempt to measure flowing water, the quest for a 
satisfactory coefiicient for Ch6zy’s formula has been continued since the 
publication of that formula. Probably the most complicated formula ever 
devised for determining that elusive coeflficient was published by the Swiss 
engineers Ganguillet and Kutter, in 1869 [15]. In 1890 another formula 
to find Chezy’s coefficient was proposed by an American, Robert Manning 
[26], and this formula has been used considerably in American practice 
[41, p. 138]. 

About the middle of the nineteenth century there appeared several 
publications, chiefly in France, based on extensive research in different 
phases of the subject of ground water. Eugene Belgrand, in the first of 
his many works [4], published in 1846, made the fundamental distinction 
between permeable and impermeable formations as applied to ground 
water; the Abbe Paramelle, whose treatise on ground water [37] was 
published in 1856; and the hydraulic engineer Henri Darcy, whose pains- 
taking work [9], also published in 1856, established the law of the flow of 
ground water. Others were Jules Dupuit [11], Jean Dumas, Gustave 
Dumont, and Henri Bazin, who was associated with Darcy, although he 
remained active into the present century and made his most important 
contribution on the flow of water in open channels. 

Hydrology in the last part of the nineteenth century and in the 

TWENTIETH CENTURY TO THE WORLD WAR 

In the last two or three decades of the nineteenth century many 
engineers and geologists in Europe devoted much time to the study of 
hydrology in connection with the development of water supplies for public 
waterworks and other uses, and this activity continued into the twentieth 
century. Much of the work was done by members of scientific establish- 
ments of the several governments. Some idea of the extent of work that 
was done on the hydrology of ground water is afforded by the bibliography 
in the second edition of the textbook by E. Prinz [42], published in 1923, 
which lists 398 publications relating to the subject, all except a few of 
which are European, and the bibliography by Michele Gortani [16], which 
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lists about 1,000 publications on the ground- water hydrology of Italy 
between 1870 and 1923. 

Outstanding in France was the work of the geologist Gabriel Daubree 
[10], who made a large and valuable contribution to the subject of the 
relation of geologic structure to the occurrence and movement of ground 
water, the principal results of which were published in three large volumes 
in 1887. Mention may also be made of L^on Pochet [39] and Edmond 
Maillet [25], both of whom published treatises in 1905 relating to the 
hydraulics of ground water ; Edouard Martel [28], who devoted much work 
to the occurrence and movement of water in cavernous limestone; and 
Edouard Imbeaux [20], who since 1886 has published extensively on the 
subject of ground water. 

The pioneer of intensive ground-water investigations in Germany was 
Adolph Thiem [44], who introduced field methods for making tests of the 
flow of ground water and applied the laws of flow in developing water 
supplies. Under his influence Germany became the leading country in 
supplying the cities with ground water, as is shown by the recent estimate 
that 86 percent of the water supply of Germany is derived from wells or 
springs. The results of his work appeared in several papers, the first in 
1870. Mention may also be made of Konrad Keilhack and E. Prinz, 
whose comprehensive treatises on ground water appeared in 1912 and 
1919, respectively; E. Ebermayer, who studied the relation of forests to 
water supply; A. Herzberg, who was one of the discoverers of the law of 
the balance between sea water and fresh ground water ; and Gunther Thiem 
[45], who developed the pumping method of determining premeability 
that has come into general use in this country. 

In Austria notable work was done by Edouard Suess, who developed 
the theory of juvenile water, and by Phillip Forchheimer. In a personal 
communication, Karl Terzaghi makes the following comment: “It was my 
privilege to be intimately associated with Forchheimer for a period of 
more than 30 years. ... In my opinion his contributions accomplished 
more in the Line of clarifying our ideas concerning the movement of ground 
water than those of all the other contemporaneous hydrologists of Europe 
combined.” 

In nearly every European country there were during this period 
scientists who made contributions to ground-water hydrology, among 
whom the following may be mentioned: In England, William Whittaker 
and Horace B. Woodward; in Holland, W. Badon Ghyben, who is generally 
regarded as the first discoverer of the law of salt-water balance [6], Eugene 
Dubois, J. Pennink, and J. Versluys; in Belgium, Rene D’Andrimont, who 
also made studies of the relations of salt and fresh water ; in Sweden, Johan 
G. Richert, who developed successful methods of artificial recharge; in 
Russia, P. Ototzky and Alexander Lebedeff, who studied chiefly the 
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distribution and movement of soil moisture; in Switzerland, Albert Heim 
and Arnold Engler, who studied the relation of forests to water supply; 
in Italy, D. Spataro, G. Cuppari, and M. Canavari; and in Spain, G. 
Garcia. The ground-water work in the United States is briefly described 
on a following page. Much ground-water work has also been done in 
Australia, India, and Japan, and some work has been done in other parts 
of Asia, in Africa, and in the Latin American countries. 

In the United States no regular records of stream discharge were 
obtained after the end of the Mississippi River work, in 1858, until 1871, 
when the Army Engineers began their survey of the Connecticut River. 
During that work T. G. Ellis devised the Ellis current meter and used it in 
making measurements of velocity from which rating tables were con- 
structed. By means of these tables applied to records of daily gage 
heights, computations were made of the daily discharge during the years 
1871 to 1874. A current meter had been devised about 1790 by Wolt- 
mann, and other meters had been devised at later dates, but the early 
meters were so delicate that they were not practicable for continuous or 
extensive use. It was not until Ellis devised his meter that the practica- 
bility of meters for stream gaging was demonstrated. Thereafter other 
meters were devised, and the current meter gradually became the standard 
means of measuring the velocity for the determination of discharge. In 
1878 the State Engineer of California began a stream-gaging program by 
establishing 12 gaging stations, which were rated by the use of current 
meters. This work was discontinued about 1884. In 1881 the State 
Engineer of Colorado established a gaging station and rated it by a 
current meter. This station is still being maintained. The foregoing 
outline of the early history of stream gaging in Europe and America i.s 
based on information furnished by Robert Follansbee. 

The United States Geological Survey was established in 1879; Maj. 
John W. Powell, who was intensely interested in the water resources and 
irrigation possibilities of the West, became its director in 1881 ; the first 
appropriation for the study of the water resources was made in 1888; and 
systematic stream gaging was begun the next year. The history of the 
hydrologic work of the Geological Survey has been recorded in detail by 
Follansbee [12]. 

Follansbee states that during the seventies there was a growing appre- 
ciation, especially by Powell, of the importance of reliable records of the 
water resources in connection with the development of the West, but that 
little quantitative information on stream flow was obtained — chiefly 
a few miscellaneous measurements of discharge made by means of floats. 
Although Powell realized the importance of knowledge of the water supply, 
he had no idea of the proper methods for acquiring this knowledge. He 
decided, however, that whatever the methods, “it will be necessary also 
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to gage a certain number of streams at all seasons of the year, so as to 
ascertain their total discharge and its seasonal distribution, and also to 
gage a greater number of streams at certain seasons determined to be 
critical.” 

A stream-gaging camp was established at Embudo, N. Mex., on the Rio 
Grande, in 1888. The purpose of the camp was to teach a selected group 
of members of the Geological Survey the theory and practice of stream 
gaging. It was decided not to use either Kutter’s formula or Humphreys’ 
and Abbot’s float method for measuring velocity, but instead to use a 
current meter. In January 1889 the first regular gaging station of the 
Geological Survey went into operation at Embudo. This was the begin- 
ning of the systematic work which, through many vicissitudes, has been 
gradually developed into the present nation-wide program of exact stream 
gaging. Outstanding in the early development of this program was 
Frederick H. Newell, who has been called the “father of systematic stream 
gaging.” The program was developed chiefly under Nathan C. Grover, 
who was the chief of the Water Resources Branch of the Geological Sur- 
vey from 1913 to 1939. 

Prior to 1870 some general studies of ground water were made, chiefly 
by State geological surveys and western expeditions. During the last 
three decades of the nineteenth century there was great activity through- 
out the country in developing ground-water supplies for domestic and 
stock use and for railroads and public waterworks, and many of the arte- 
sian basins of the country were discovered during this period. From 1873 
to 1879, in connection with the Geological Survey of Wisconsin, Thomas 
C. Chamberlin made a thorough study of artesian conditions in that state. 
His principal report on the artesian wells was published by the State Sur- 
vey in 1877 ; his well-known paper “ The requisite and qualifying conditions 
of artesian flow” was pubhshed by the United States Geological Survey 
in 1885. In 1890 Major Powell [40] presented before a committee of Con- 
gress a remarkably interesting and informative statement on the artesian 
conditions and prospects in the arid regions of the United States. This 
statement shows that considerable ground-water work had already been 
done and that some of the main features of the ground-water conditions 
of the country were already understood. 

In the last decade of the nineteenth century a group of eminent 
American geologists directed their attention to ground water and published 
comprehensive and sound areal reports on the subject. Among these men 
were Robert T. Hill, Israel C. Russell, Nelson H. Darton, Frank Leverett, 
and William H. Norton. Near the end of the century notable work was 
done on the hydraulic phases of the subject of ground water by Allen 
Hazen, Franklin H. King, and Charles S. Slichter. In the early years of 
the present century a group of younger geologists became active in ground- 
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water studies, among them Walter C. Mendenhall and Arthur C. 
Veatch. 

A few observations of rainfall have been made since colonial days, 
and organized meteorologic observations have bfeen made by govern- 
mental agencies since 1817, when such work was undertaken by the Gen- 
eral Land Office. In 1870 a national weather service was established in 
the Signal Corps of the United States Army, and meteorologic observa- 
tions were made, especially at the military stations in the interior and 
western parts of the country. In 1891 the United States Weather Bureau 
was organized in the Department of Agriculture. It developed the 
meteorologic program until in 1922 observations were being made at 
about 6,000 places in the country, river stages were observed at many 
points in connection with flood forecasts, records, of evaporation were 
obtained at 38 well-distributed stations, and several hundred stations 
were maintained in the mountain regions of the Western States at which 
precise measurements were made of the depth and water contents of the 
snow [47]. 

Numerous studies of the occurrence and movement of soil moisture 
were made during this period in the United States as well as in Europe, 
most of them in the present century. A large part of this work was done 
by members of the United States Department of Agriculture and the State 
agricultural experiment stations. Special mention may be made of 
Eugene W. Hilgard, a pioneer in this field, whose first important publica- 
tion on the subject appeared in 1860, and Lyman J. Briggs, a leader among 
the able workers of more recent times. 

Much hydrologic work was also done by other agencies, such as the 
Miami Conservancy District, the Pittsburgh Flood Commission, and the 
hydraulic laboratories established in some of the leading universities and 
technical schools. 

In 1904 appeared a textbook by Daniel W. Mead entitled “Notes on 
hydrology” [29], and in 1919 his larger and more thorough treatise entitled 
“Hydrology” [30]. In 1917 another very good textbook on the subject 
was published, “The elements of hydrology,” by Adolph F. Meyer [34]. 
These comprehensive and systematic presentations have contributed 
greatly toward the development of hydrology as a distinct science. 

Recent nEVELOPMENxs 

After the war of 1914-18 many large projects involving the water 
resources were undertaken in the different countries, and hydrologic 
research bearing on these projects was liberally supported by governmental 
fimds. In connection with this increased activity in hydrology several 
international organizations were formed to coordinate the research in this 
and related subjects. 
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In 1919 the International Union of Geodesy and Geophysics was 
organized in Brussels. In the assembly of the Union in Rome in 1922 
steps were taken to organize the Section of Scientific Hydrology, which 
was later called the International Association of Scientific Hydrology, the 
expression “scientific hydrology” being used to distinguish its field from 
that of applied hydrology. Subsequently regular meetings of this associa- 
tion were held as a part of the triennial assembly of the Union in Madrid, 
1924; Prague, 1927; Stockholm, 1930; Lisbon, 1933; Edinburgh, 1936; 
and Washington, 1939. 

The first All-Russian Hydrologic Congress was held in Leningrad in 
1924, and the second in the same city in 1928. The first Baltic Hydrologic 
Conference was held in Riga in 1926 and subsequent conferences were held 
in Reval, 1928; Warsaw, 1930; Leningrad, 1933; Helsingfors, 1936; and 
Berlin, 1938. Other international organizations that relate in part to 
hydrology are the International Society of Soil Science, the International 
Congress of Oceanography, the World Power Conference, the International 
Congress on Large Dams, and the International Association for Hydraulic 
Structures Research. 

The scientific work of the International Association of Scientific 
Hydrology is conducted chiefly through commissions, of which the princi- 
pal ones at present are the Commissions on Potamology, Limnology, Sub- 
terranean Water, and Snow and Glaciers. The Commission on Glaciers 
was organized at the International Geological Congress in Zurich, Switzer- 
land, in 1894, and was concerned chiefly, in obtaining records of the 
advance and retreat of glacier fronts. After the war of 1914-18 this com- 
mission became a part of the International Association of Scientific 
Hydrology. On the recommendation of the American Geophysical 
Union, an International Commission on Snow was organized at the Lisbon 
assembly in 1933. James E. Church, the American authority on snow 
surveying, was placed at the head of the commission. At the Washing- 
ton assembly in 1939 steps were taken to merge the glacier and snow 
commissions. 

Until recently the activities of the International Association of Scien- 
tific Hydrology were conducted chiefly by hydrologists from several of the 
European countries, with only meager and irregular help from other 
countries. Beginning with the Edinburgh assembly in 1936, however, the 
United States has taken a very active part, and there has been a strong and 
wholesome movement to include every country and colonial territory of 
the world in the work of the association. This movement was started 
by Church and has the support of Otto Liitschg, of Switzerland, the presi- 
dent of the association, and of other leading European and American 
hydrologists. The most prominent feature of the Edinburgh meeting 
was a symposium on snow and ice at which about 80 papers were presented, 
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representing five continents and 18 countries or colonial territories. For 
tlie Washington meeting about 60 papers were presented on subterranean 
water in printed, mimeographed, or typewritten form, representing all six 
of the continents and 27 countries or colonial territories. 

In the United States there has been a great increase in the quantity 
and intensiveness of hydrologic investigations along a wide front, largely 
through governmental agencies. The investigations of these agencies 
have many points of common interest but may be classified roughly accord- 
ing to dominant aspects — surface- and ground-water hydrology by the 
Geological Survey; precipitation and related features by the Weather 
Bureau; snow surveying by several agencies, coordinated through the 
Western Interstate Snow Survey conferences; stream dynamics and river- 
system hydrology by the Army Engineers; infiltration, erosion, and trans- 
spiration by the Forest Service and Soil Conservation Service; and various 
phases of hydrology by other bureaus of the Department of Agriculture, 
the National Hydraulic Laboratory of the Bureau of Standards, the 
Bureau of Reclamation, the Tennessee Valley Authority, and others. 
Much work has also been done by hydrologists in State organizations, in 
universities and technical schools, and in private practice. This work 
has been coordinated to some extent by the Water Resources Committee 
of the National Resources Planning Board and its predecessors, beginning 
with the Mississippi Valley Committee in 1933. 

A notable development in recent years has been the establishment of 
many hydraulic and hydrologic laboratories, some of which are very well 
equipped. An incomplete compilation by the Hydraulics Research Center 
of the United States Waterways Experiment Station at Vicksburg, sup- 
plemented by other information, shows that there were, in 1939, about 
238 such laboratories in the world, of which 109 were in the United States, 
35 in Russia, 15 in Germany, 11 in Great Britain, 7 each in India, Italy, 
and Sweden, and 6 each in Canada and France. According to this com- 
pilation, 114 of these laboratories were connected with universities, techni- 
cal schools, or research institutions, 91 were governmental establishments, 
29 were independent, and 4 had connections that were not determined; 
65 were in existence before 1920, 126 were established since 1920, and in 
regard to 47 information was lacking. At the Washington assembly a 
round-table discussion was held on the utilization of these laboratories 
for scientific research. 

The American Geophysical Union was organized as a member of the 
International Union of Geodesy and Geophysics in 1919, and the Section 
of Hydrology was organized in 1930 as a constituent unit of the American 
Geophysical Union and as the American representative in the Interna- 
tional Association of Scientific Hydrolbgy. Hitherto there had been no 
national organization representing hydrology, and consequently the Sec- 
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tion of Hydrology at once attracted the interest of many workers in this 
field throughout the country. As a result of this interest and the very 
generous and helpful attitude of the officers and executive committee of 
the Union, the new section became very active and soon gained general 
recognition as the national center for the science of hydrology. In 1940 
it had 741 members, and including that year it has published in the Annual 
Transactions of the American Geophysical Union about 600 technical 
papers and reports, covering about 3,000 pages of printed matter. 

Two effective policies were adopted by the Section of Hydrology at 
the beginning — the appointment of permanent research committees and 
the movement to hold scientific meetings in different regions of the West 
in addition to the annual meetings in Washington. About 115 prominent 
scientists and engineers accepted appointment and began to work on the 
nine original research committees, namely the Committees on Snow; 
Glaciers; Evaporation; Absorption and Transpiration; Runoff; Physics of 
Soil Moisture; Underground water; Dynamics of Streams; and Chemistry 
of Natural Waters. Subsequently the third and fourth of these commit- 
tees were reorganized as the Committee on Evaporation and Transpiration 
and the Committee on. Infiltration, and two new committees were created, 
namely, the Committee on Rainfall and the Committee on Physical 
Limnology. 

Successful regional meetings of the Section of Hydrology have been 
held as follows: 1934: Berkeley, Calif. ; 1936: Pasadena, Calif.; 1937 : Den- 
ver, Colo.; Spokane, Wash.; 1938: Davis, Calif., Los Angeles, Calif., 
Spokane, Wash. ; 1939: Columbus, Ohio; 1940 : Stanford University, Calif., 
Seattle, Wash. ; 1941 : Sacramento, Calif. ; State College, Pa. ; Dallas, Texas. 
Some of the regional meetings were in cooperation with other scientific and 
engineering societies. 

The Mississippi Valley Committee has pertinently stated: “Land, 
water, and people go together. The people cannot reach the highest 
standard of well-being unless there is the wisest use of land and water. 

. . Flood control, low-water control, navigation, power, water supply, 
sanitation, and erosion are integral parts of the picture. All of them may 
be encountered in the treatment of a single stream” [48, p. 3J. As civi- 
lization has advanced the per capita use of water has increased. It 
increased in the time of Vitruvius and Frontinus but greatly decreased in 
the Middle Ages and has again greatly increased in modern times; indeed, 
there has been a great increase in per capita consumption in this country 
during the last decade. Human well-being also demands the fuller con- 
trol of the natural waters. 

The science of hydrology is thus intimately connected with the 
development of huipan society. Frisi studied river discharge to make 
lasting improvements; Clinton studied hydrology to construct a great use- 
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ful canal; Humphreys and Abbot investigated the Mississippi River to 
regulate it for human good ; the Germans and the French studied ground 
water because their cities needed public water supplies, Blodget 
studied rainfall to give the pioneers information as to rain for their crops 
in many sections of the virgin continent; the Miami Conservancy District 
made hydrologic studies to plan a system of flood control; and the Russians 
studied certain phases of hydrology to determine whether projects such as 
the Dnieperstroy dam or the Greater Volga Scheme would be feasible. In 
each project advance in hydrology has come in response to the needs of 
the people, and each advance in the science has made possible more 
effective service. 
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CHAPTER II 
PRECIPITATION 
Merrill Bernard^ 

The march of events that marks the progress of an elemental particle 
of water from the sea surface into the atmosphere, to the land, and back 
to the sea is known as the hydrologic cycle. In its passage two major 
influences are exerted — heat and the gravitational pull of the earth. 

Heat emanating from the sun is absorbed by the earth’s surface and 
radiated back into the masses of free air moving over this surface. Heat 



Fig. II-l. — The hydrologic cycle. 


then becomes the basic cause of turbulence in the air layers coming into 
contact with ground, vegetal, and water surfaces. Thus, through dis- 
placement, repeated opportunity is provided for the absorption and 
removal of evaporated moisture. 

The hydrologic cycle is not completely represented in the usually 
accepted sequence — from sea tp land to sea. The graphic presentation of 
the cycle in Figure II-l shows that a particle of water evaporated from an 
ocean surface may very shortly be deposited at sea as part of a raindrop 
and so may never reach the land. Another particle may be taken into an 

^ Principal hydrologist. Weather Bureau, United States Department of Commerce. 
Washington, D. C. 
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air mass that moves to and over an extensive land area and out to sea 
again before meeting the influences necessary to convert it from the vapor 
to the liquid state [4, 9, 1]. Still another representative element in the 
train of moving water vapor may be deposited as rain or snow on the land, 
taken into the atmosphere by evaporation, and transported back to the 
sea by air. 

Much of the transitional water of the earth follows the more typical 
cycle that deposits the raindrop on the land surface, where it joins runoff 
in overland flow, and enters a stream that ultimately flows into the sea. 
A modified cycle is that in which the raindrop enters the ground and 
reaches the stream later through orifices below the flow line of its channel, 
while still another drop may continue downward under the action of 
gravity to some deep ground-water reservoir from which it may ultimately 
reach a stream* or percolate into the sea. 

If all the moisture in the atmosphere were suddenly precipitated there 
would be only enough to produce an average depth of about 1 inch of 
water over the total surface of the earth. What, then, accounts for the 
fact that rainfalls of more than 20 inches in 24 hours are experienced in 
many parts of the world? The answer is given by the meteorologist who 
observes and analyzes the factors known to bring about the convergence 
of vast air masses heavily burdened with moisture. 

MOISTURE IN THE ATMOSPHERE 

The meteorologist has taken advantage of modern development in 
radio engineering to improve his observational technique. Daily observa- 
tions of atmospheric pressure, humidity, and temperature are now made 
to a height of more than 10 miles, enabling him to determine character- 
istics of air masses unrevealed in surface observations. 

Moisture exists in the atmosphere in three states — (1) as an invisible 
gas in the form of water vapor, (2) as a liquid in the form of minute 
particles of water held in a suspended cloud mass and as fully developed 
raindrops, and (3) as a solid in the form of snow or hail. 

Moisture in the form of water vapor acts as any other independent 
gas and mixes freely with the other constituent gases of the atmosphere. 
Tiike other gases, it can absorb, retain, or release heat and exert pressure. 

The heterogeneous character of the atmosphere makes it difficult to 
express the relation between its elements. The fairly simple relations 
between the volume, pressure, and temperature of a small confined unit 
of air becbme complicated when applied to the free atmosphere. Particu- 
larly do complications arise when an element of the air is moved upward 
as the result of convection or orographic and frontal lifting. Because of 
these complexities it is necessary to identify the more conservative prop- 
erties of air masses and make use of them in comparing and expressing 
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their characteristics. Although the moisture in the atmosphere can be 
conceived of in terms of the pressure exerted by the water vapor, its 
nature is better understood if expressed as specific humidity, which is the 
ratio of the weight of water, in grams (or some other unit of weight) to 
the weight of the humid air containing the water, in kilograms (or a corre- 
sponding unit). 

The temperature of the air shows the least effect of changes in pres- 
sure and humidity when stated in terms of "potential temperature.” 
As dry air moves upward it expands and in so doing cools at the rate of 
about for each 1,000 feet of rise. This ascent is known as the 

"adiabatic process,” and the rate of decrease in temperature, or "lapse 
rate,” is called the "adiabatic lapse rate.” Potential temperature is that 
temperature which an element of air will attain if brought to standard 
pressure under adiabatic conditions. If the absolute temperature and 
the pressure of the air are represented by T and p respectively, and the 
standard pressure by P, the potential temperature, 6, is derived by the 
equation: 



The moisture content of the air on any surface of constant potential 
temperature can now be expressed in ternis of specific humidity. Such 
a surface is shown in Figure II-2, h, which is called an "isentropic chart.” 
It shows the atmospheric pressure, in millibars (and therefore altitude in 
feet above the earth), on a surface in which the potential temperature was 
found to be 295° Abs. on March 17, 1936. The chart shows also the 
specific humidity at this potential-temperature level; the condensation 
pressure, in millibars, which is specific humidity expressed in terms of 
pressure; and the position of the dry and moist "tongues” as they pre- 
vailed on that day. 

Figure II-2, c, shows a cross section A-A of the isentropic chart, and 
gives the vertical position of the potential-temperature surfaces, the lines 
of equal specific humidity, the position of the cold front in the vertical 
plane represented by the cross section, and the data on potential tempera- 
ture and specific humidity obtained through radio-sonde observations 
taken at San Antonio, Shreveport, Murfreesboro, and Lakehurst. 

Tigure II-2, a, is the “synoptic” weather map of March 17, 1936. 
It shows the areas of high and low pressure as recorded on the earth’s 
surface, the general movement of the- surface winds, the positions of the 
warm front (warm air moving forward and over cold air), the cold front 
(cold air moving forward and under warm air), and the area that received 
rainfall during the period from 8 p.m. March 16 to 8 a.m., March 17. 
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Lines of equal specific humidity(g./MgJ Lines of equal potential temperature i^A) — « prant 
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MOISTURE PRECIPITATED AS RAINFALL 

Moisture first assumes hydrologic importance when deposited on^the 
land surface in the form of rain or snow. Man must conserve and utilize 
it in his everyday living or protect himself against its overabundance in 
the form of storm and flood. The great storm that visited the North- 
eastern States in March 1936 and resulted in great loss of life and damage 
to property has been selected to illustrate the overabundance. 

STORM OF MARCH 16-21, 1936 

scale iM MILES 



Fig. II-3- — Isohyetal maps of northern New England showing 12--hour increments of rainfall for 

March 18-19, 1936. 

The synoptic weather map for 8 a.m. March 17, 1936, is presented in 
Figure II-2, a, and is to be compared with the accompanying isentropic 
chart, Figure II-2, b. It is seen that overrunning and convergence are 
occurring along the frontal zone separating the mass of warm, moist 
maritime air (m Tw) coming from the south and the mass of cold polar air 
(cPw) entering the country from the north and west. Not all the water 
contained in the moist tongue was deposited as rain, although it is believed 
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Fig. 11 - 4 . 



40 


HYDROLOGY 


the upper limit of rainfall for the season and locality was approached in 
this storm. Figure II-3 shows the distribution of precipitation over 
northern New England in the 12-hour periods ending at 10 a.m. and 10 
p.ih. March 18 and 10 a.m. and 10 p.m. March 19, 1936. The erratic 
application of rain throughout the progressive phases of the storm is to be 
compared with the symmetrical pattern of total rainfall shown in Figure 
II-4. As puddles first appear when a garden hose is played over a lawn, 
so do "wave impulses” along the extended front between the opposing air 
masses tend to bring about the concentrations that appear as centers or 
"eyes” of the isohyetal maps of rainfall. 

The maps of storm rainfall displayed in Figures II-3 and II-4 are based 
upon plotted depths of rain observed at stations within the storm area. 
Many of the records contributing to the data were received from the 
cooperative observers of the Weather Bureau. Valuable information was 
gained from individuals who w’-ere impressed with the unusual severity of 
the storm and took the trouble to record the amounts coming to their 
attention. Of particular importance were the records of the compara- 
tively few automatic recording rain gages in the region, for it was largely 
from these that information pertaining to the time distribution of rainfall 
was obtained. 


SIZE AND RATE OF FALL OF RAINDROPS 

The rate at which a raindrop can fall through still air depends upon 
its size. Its velocity will increase until equilibrium between the weight of 
the drop and the resistance of the air is reached, when a constant speed or 
"terminal velocity” is established. Lenard [7] measured the characteris- 
tics of raindrops suspended by upward currents of air produced by a fan, and 
the results with some corrections in computations, are given in Table 1. 
The results of Lenard’s experiments in determining the terminal velocity 
of falling drops of varying diameter appear in Table 2, in which they are 
co,mpared with the results obtained by Laws [6] in measuring the velocities 
of drops of water falling through still air. Velocities of raindrops in 
nature probably lie somewhere between the two sets of values. 

For drops with diameters greater than 5.5 millimeters the terminal 
velocity does not increase with the size of the drop but tends to decrease. 
This is accounted for by the fact that the drop becomes deformed, spread- 
ing out horizontally, with the result that the air resistance is increased. 
For diameters greater than 5.5 millimeters the deformation is sufficient 
to break up the drops before terminal velocity is reached. 

MEASUREMENT OF RAINFALL 

Automatic recording rain gages are, in general, of two types. One 
registers increments of fall as a small bucket fills, tips, and records; the 
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other, known as the weighing type, makes an autographic record of 
accumulative precipitation as it falls. A weighing rain gage is shown in 
figure II-5. This particular gage is equipped with a flexible shield, the 
effect of which is to minimize the influence of wind on the “catch” of the 
gage. A typical autographic record for a rain gage of this type is shown 
in figure II-6. Besides the total amount of rainfall, the time distribution 
and rate of fall can be determined from such a record. 

Table 1. — Characteristics of falling raindrops 


Drops 


Number of drops per square meter per second 


Dial 

Milli- 

meters 

meter 

Inch 

Volume 

(cubic 

milli- 

meters) 

Rain “looking 
very ordinary” 

Rain 
with 
breaks 
during 
which 
the sun 
shone 

Begin- 
ning of 
a short 
fall like a 
thunder- 
shower 

Sudden 
rain 
from a 
small 
cloud 

Violent 
rain like 
a cloud- 
burst, 
with 

some 

hail 

Period of 
heaviest 
cloud- 
burst 

Period 
of less 
heavy 
cloud- 
burst 

t 

Ending 
period 
of con- 
tinuous 
fall 

1 

2 

3 

4 

5 

6 

7 

8 

. 9 

0.5 

0.019 

0,065 

1,000 

1,600 

1 129 

60 

0 

100 

'514 

679 

7 

1.0 

0.039 

0.524 

200 

120 

' 100 

280 

50 

1,300 

423 

524 

233 

1.5 

0,059 

1.77 

140 

60 

73 

160 

50 

500 

359 

347 

113 

2.0 

0.079 

4.19 

140 

200 

100 

20 

150 

200 

138 

295 

46 

2.5 

0,098 

8.18 

0 

0 

29 

20 

0 

0 

156 

205 

7 

3.0 

0.118 

14.1 

0 

0 

57 

0 

200 

0 

138 

81 

0 

3.5 

0.138 

22.4 

0 

0 

0 

0 

0 

0 

0 

28 

32 

4.0 

0.157 

33.5 

0 

0 

0 

0 

50 

0 

0 

20 

39 

4.5 

0.177 

47.7 

0 

0 

0 

0 

0 

200 

101 

0 

0 

5.0 

0.196 

65.4 

0 

0 

0 

0 

0 

0 

0 

0 

25 

Total 



1,480 

1,980 

488 

540 

500 

2,300 

1,829 

2,179 

502 

Rate of rainfall: 











Millimeters per minute 

0.06 

0.07 

0.10 

0.04 

0.31 

0.72 

0.57 

0.38 

0.25 

Inches per hour 

0.14 

0.16 

0.23 

0.10 

0.74 

1.69 

1.35 

0.89 

0.60 


Table 2. — Velocity of falling raindrops 


Diameter 

(millimeters) 

Maximum falling velocity 

(meters per second) 

' 

Lenard 

Laws 

1.0 

4.4 


2.0 

5.9 

6.6 

3.0 

7.0 

8.0 

4.0 

7.7 

8.8 

5.0 

7.9 

9.2 

5.5 

8.0 

9,3 

6.5 

7.8 



The record of the weighing rain gage is in the form of a “mass curve,” 
whereas the data from a nonrecording gage are usually limited to depth 





Station 

Amount 

(inches) 

Duration 

Intensity 
inches 
per hour 

Date 

Opids Camp, Calif 

1.03 

Hr. 

M in. 

1 

61.80 

Apr. 5, 1926 

Aug. 15, 1848 

Aug. 24, 1906 

June 14, 1871 

St. Louis. Mo ...» 

5.05 


15 

20.20 

Guinea, Va 

9.25 


30 

18.50 

Galveston, Tex 

3.95 


14 

16.93 

Buffalo, N. Y. 

0.79 


3 

15.80 

Mar. 20, 1897 

June 18, 1911 

Augusta, Ga 

1.24 


5 

14.88 

Norfolk, Va 

2.48 


10 

14.88 

Aug. 20, 1888 

Sept. 9, 1921 

Oct. 23, 1884 

Taylor, Tex 

8,02 


40 

12.03 

Brownsville, Tex 

1.20 


6 

12.00 

Catskill, N. Y 

10.00 

1 


10.00 

^ July 26, 1819 

July 11, 1879 

June 17, 1886 

Sandusky, Ohio 

2.25 

15 

9.00 

Erie, Pa. . 

2.02 


15 

8.08 

D^Hanis, Tex 

21,84 

3- 

7.28 + 
6.41 

May 31, 1935 

June 20, 1921 

Springbrook, Mont 

6.94 

1 

5 

Catskill, N. Y. 

18.00 

7 

30 

2.40 

July 26, 1819 

June 28, 1899 

Aug. 9, 1940 

Sept. 9-10, 1921 
July 15-16,. 1916 
June 19-20, 1921 
July 20, 1909 

Hearne, Tex. 

24.00 

24 

1.00 

Kaplan, La 

23.00 + 
23.11 

24 


.96 + 
.96 
.92 + 
.82 + 
.45 

Taylor, Tex, .. . 

24 


Alta Pass, N. C . . . . 

22.22 

24- 


Springbrook, Mont . 

Beaulieu, Minn . 

11.50 

10.75 

14- 

24 
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measurements taken at infrequent intervals and require a high degree of 
ingenuity on the part of the analyst for effective utilization. Mass curves 
for three stations within the area covered by the storm of March 16-21, 
1936, are shown in figure II-7. The relation between the cumulative 
depth of rainfall and its duration at Pinkham Notch, N. H., and in selected 
areas is shown in figure II-8. 


EXCESSIVE RATES OF RAINFALL 


In general, the intensity of rainfall is inversely proportioned to the 
length of the period throughout which it can sustain itself. This is true 
because the dynamic meteorologic forces that cause heavy rainfall are 
also the means of shifting it with relative rapidity from one area to another, 
so that no point within the area of an intensive storm is subjected to a 
heavy downpour for any great length of time. 

Table 4. — Intensity-duration-frequency formulas 


Locality 


Boston . . . 

Boston 

New York 
New York 


i = 

i = 


Detroit 

Kansas City. 
Kansas City. 


iti— 

i = 


Formula 


ie/?o.27 

{t + 7)0-^ 

15.6(1.6F - 0.6)0-22 
{i + 6)0-7 
42.5F0-2 
{t + l2)o-8s 


28F0-22 



Reference 

Sherman [8] 
^Kennison [5] 

Bleich [3] 

Bernard [3] 


37 0 /^ 0.263 
{t + 8)o-»^ 


Wagnitz.and Wilcoxen [3] 


IOFo-183 

^ 0.444 

4,4,po.m 

^0-79 


Bernard [2] and Yarnell [10] 
(5 to 60 minutes) 

Bernard [2] and Yarnell [10] 
(60 to 1,440 minutes) 


Table 3 contains examples of unusual rainfall intensities experienced 
in the United States. 

The relations among the intensity, duration, and frequency of rainfall 
play a particularly important part, in the solution of many engineering 
problems. It is in this form that statistical relations are usually expressed. 
Intensity is understood to be the average rate at which rain falls through- 
out a given period of time. Presented as intensity-duration-frequency 
curves the results are understood to be average rates of rainfall, i, for 
durations of t minutes, reached or exceeded once on the average in F years. 

A general expression for rainfall intensity is 

(t + br 
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in which K, h, x, and n are coefficients and exponents varying in value 
with geographic location and F is the frequency in years with which aver- 
age intensities are reached or exceeded. 

Table 4 compares various intensity-duration-frequency formulas. 



DURATION (HOURS) 

Fig. II-8. — Relation between cumulative depth and duration of rainfall in storm of March 16-21, 

1936, in northern New England, 

RAINFALL RELATED TO AREA 

The foregoing discussion has considered only the relations between 
intensity, depth, time, and frequency at a single locality. These relations 
are much more complex when given areal application. In general, the 
depth of rainfall varies inversely with the area covered, as indicated in 
the isohyetal maps of the storm of March 16-21, 1936 (Figs. II-3 and II-4). 
Typical area-depth curves for this storm are shown in figure II-9. 
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EVOLUTION OF THE NATIONAL NETWORK OF PRECIPITATION STATIONS 

Our knowledge of storm rainfall, as for all phenomena associated with 
vast quantities beyond the possibility of direct measurement, must be 
gained through a procedure of sampling. The dimensional ratio between 
the sample, the 8-inch rain gage, and that portion of the storm area repre- 



0 1000 2000 3000 4000 

AREA (SQUARE MILES) 

Fig. n-9.— Maximum area-depth curves for storm of March 16-21, 1936, in northern New England. 

sented by the gage (which for most gages in use at the present time is 
several hundred square miles) is at first thought somewhat difficult to 
accept with confidence. However, an experience of many years indicates 
a consistent reliability and accounts for the general acceptance of the 
8-inch gage as a rainfall sampler. 
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Fig. Il-lOfi. 




NON-RECORDING PRECIPITATION STATIONS 

dPERATEO BY THE U. 8. OEPARTMEMT OF COMMEUCE - WEAT»«B BUREAU 

COLLECTION OF BASIC HYDROLOGIC DATA -1940 
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In this country the system of precipitation stations has been built 
up through the years until now there are about 8,000 of them in operation. 
The historical background of this, the most extensive network of observa- 
tional stations in the'world, will be of interest. 

The first series of systematic weather observations with instruments 
in America was begun in January 1730 and continued through February 



Fig. II-ll. — Historical development of the network of precipitation stations in the United States, 

1840 - 1940 . 

1753 by Dr. John Lining, a physician living in Charleston, S. C. Long 
before Dr. Lining ended his noteworthy career as an observer many others 
had begun similar work in the colonies. Members of the medical profes- 
sion in particular were zealous in their weather observations. In 1789 
Dr. Benjamin Rush, at the University of Pennsylvania, insisted that stu- 
dents in his graduating classes ''preserve a register of the weather and its 
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influence upon the vegetable production of the year. Above all, the record 
of epidemics of every season, their times of appearing and disappearing, 
and the connection of the weather with each of them.” 

Official recognition of the general need for a network of stations to 
take weather observations came in 1814, when John C. Calhoun, then 
Secretary of War, issued orders for all surgeons on duty at Army posts 
to keep records of precipitation and temperature. This activity did not 
get under way until 1819 and was not organized as a service until 1825. 
By this time all sizable communities had become “weather-conscious,” 
boards of health were encouraging public-spirited citizens to obtain instru- 



Fig. 11-12. 


ments and make observations, and most newspapers were publishing 
weekly reports on weather. About 1847 the Smithsonian Institution 
began to coordinate the activities of the individual observers, and within 
a few years the network of climatologic stations had spread over the entire 
United States. Records of the United States Patent OflELce and the United 
States Signal Corps were added to the collection, and on July 1, 1891, all 
were turned over to the newly organized United States Weather Bureau. 

Many prominent names are to be found in early weather history. 
Washington’s diary, the simultaneous observations of Jefferson and 
Madison, Benjamin Franklin’s records, and the diary of Oliver Wendell 
Holmes are contributions to the early climatologic record. 

In Figure Il-lOo and b are shown the networks of recording and non- 
recording gages, respectively. Figure II-ll is a graph showing the pro- 







Table 5. Precipitationy in inches^ at Weather Bureau stations 
[All records to 1940 inclusive] 
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gressive expansion of the network of climatologic stations, at all of which 
precipitation has been or is being measured. The number has steadily 
increased except for minor reductions at times of such national disturb- 
ances as the war with Mexico (when the Army posts were preoccupied 

PORTLAND, ORE., MEAN ANNUAL PRECIP., 41.62 IN. 
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Fig. 11-13.— Distribution of average monthly and seasonal precipitation at Portland, Ore., and 

Portland, Me, 

with weightier matters), the Civil War, the World War of 1914-18, and 
the usual retrenchment that follows periods of business depression. 

RAINFALL REGIMEN OF THE UNITED STATES 

It would be difficult to isolate a phase of our national life that does 
not in some degree reflect the influence of precipitation. In the humid 
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East the principal concern is that of conducting the runoff from excessive 
rainfall back to the sea with minimum damage to the property occupying 
the flood plains of the rivers. In the arid West attention is directed to 
the conservation of all the rain that falls. Maps showing the geographic 
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FiCr. II-14. — Distribution of average monthly and seasonal precipitation at Brownsville, Tex., and 

Miami, Fla, 

distribution of various veget^ covers, crop types, land-use practices, 
population, electric-power development, and stream-system density all 
conform in general to the pattern of average annual precipitation shown 
in Figure 11-12. Resort to the smoothing process in determining averages 
has masked the degree of variation in rainfall and snowfall from month 
to month, season to season, and year to year. As the apparently unre- 
lated patterns of rainfall increments in Figure II-2 combined to produce 
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the fairly symmetrical pattern of the total storm, so the patterns of the 
hundreds of storms occurring within the period of record have combined 
to give the picture of the country’s precipitation regimen shown in Fig- 
ure 11-12. 

Table 5 gives summarized precipitation data gathered at selected 
Weather Bureau stations throughout the country. Marked differences 
from station to station reflect the regionalization of climate and emphasize 
the degree of variation in rainfall characteristics known to exist throughout 
the country. 


SEASONAL DISTRIBUTION OF RAINFALL 

The precipitation regimen of a region is controlled by many factors, 
among which are (1) position relative to source regions of moisture; (2) 
proximity to a “battle ground” upon which the aggressive cold air meets 
the masses of warm moist air and subjects them to conditions under which 
they can no longer retain their moisture; (3) presence of mountain ranges, 
which may in one place minimize the occurrence and intensity of rain and 
in another add an influence conducive to greater and more frequent rain- 
fall; and (4) altitude of the region, which determines to a great extent 
whether the greater proportion of the total precipitation will be in the form 
of rain or of snow. Two widely separated localities may have the same 
average annual precipitation but a distinctly different seasonal distribu- 
tion. Both Portland, Oreg., and Portland, Maine, have an average annual 
precipitation of about 42 inches. The marked contrast in the distribution 
of this amount throughout the year at the two places is shown in Figure 
11-13. On the other hand, Miama, Fla., and Brownsville, Tex., have 
strikingly similar patterns but quite different amounts of mean annual 
rainfall (Figure 11-14), owing to differences in the positions of these cities 
with respect to source of moisture and prevailing movement of air masses. 
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CHAPTER III 


EVAPORATION FROM FREE WATER SURFACES 

Sidney T. Harding’ 

INTRODUCTION 

Evaporation, is the process by which a liquid is changed to a vapor or 
gas. This chapter is limited to evaporation from free water surfaces; 
evaporation from soil surfaces is treated in chapter VIII. This chapter 
has been prepared with the assistance of the Evaporation Committee of 
the Section on Hydrology of the American Geophysical Union, although 
individual members of the committee may not agree with all statements 
made. Those who have assisted include H. F.,Blaney, N. W. Cummings, 
Robert Follansbee, J. A. Folse, R. E. Horton, I. E. Houk, R. E. Kennedy, 
Carl Rohwer, and C. M. Saville. 

The measurement of the evaporation from water surfaces is obviously 
the most direct means for its determination. However, there are few 
natural water surfaces of large extent for which records can be obtained. 
A direct determination of the evaporation from a large natural water 
surface requires the measurement of all elements of inflow and draft, y^ith 
the unaccounted for difference assigned to evaporation. This places all 
the errors of measurement in the resulting evaporation. Where evapora- 
tion is a small percentage of the total supply, small errors in the main items 
represent a large difference in the resulting estimate of evaporation. 

There are some lakes for which conditions are sufficiently favorable 
to permit such direct measurements, but they represent only a small 
proportion of the areas for which evaporation needs to be known. 

Evaporation from an exposed water surface is subject to the effect of 
all the varying factors that result from such exposure. The resulting 
evaporation is a complex process, difficult to analyze and difficult to 
correlate with measurements of individual factors that affect its amount. 
Even if the relation of evaporation to aU the factors that affect it could be 
determined quantitatively, full and accurate observations necessary for 
application of these relations would be difficult to make, as these factors 
vary over the surface of any large water area and change rapidly. 

Although much theoretical study and experimental work has been 
directed toward determining the laws controlling evaporation and the 

‘ Professor of irrigation, University of California, Berkeley, Calif. 
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quantitative effect of the factors involved, there is still much difference of 
opinion regarding this subject. Several lines of approach have been used. 
Some have undertaken theoretical analyses of rates of diffusion and charac- 
ter of air movement in contact with and above the water surface, from 
which they have derived formulas for evaporation based on such elements. 
Others have analyzed the disposal of solar radiation received by a water 
surface and have undertaken to determine evaporation from the amount 
of water that the net solar radiation could convert to vapor. Those 
more directly concerned with quantitative results on large water surfaces 
have attempted to correlate measured evaporation with recorded items of 
climate, in an attempt to derive formulas for application where climatic 
records were available but where evaporation had not been directly 
measured. Many, impatient with the inability of any of these methods to 
give a complete basis from which local rates of evaporation could be 
estimated with the closeness needed in many water supply matters, have 
attempted to measure evaporation from small sample areas, using direct 
observations from various forms of pans, tanks, or atmometers. 

None of these methods have yet produced a complete answer that 
meets the standards of the physicist in the expression of the principles 
governing the process of evaporation and also meets the needs of engineers 
and others requiring quantitative results. To meet theoretical require- 
ments any expression for evaporation must include correctly all factors 
that affect its amount ; to meet the needs of those seeking to determine the 
amount of evaporation any law or formula must include only those items 
which are measurable and for which adequate records exist or can be 
obtained. 

In view of this situation it is not surprising that there is no general 
agreement regarding the best method of determining evaporation or 
formulas for its expression. Similarly no general agreement can be 
expected regarding the scope and content of a chapter that attempts to 
present a general review of this subject. An effort has been made in this 
chapter to describe the different points of view regarding evaporation 
from free water surfaces, but the treatment emphasizes those phases of the 
subject with which the author’s work has been most closely concerned. 
These are, in general, the engineering uses of quantitative results. 

This chapter is further limited to evaporation from water surfaces 
that are fully exposed to all local climatic factors. Evaporation from 
small water areas under controlled exposure that can be maintained under 
constant conditions depends on the same physical principles that control 
evaporation from large fully exposed water areas. Experiments on 
evaporation under controlled conditions are useful in determining the 
principles governing evaporation and the quantitative effect of changes in 
the controlling factors. Such controlled experiments may have only 
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partial application to fully exposed areas if the observations required for 
their application are difficult to make or if conditions affecting the exposed 
water area vary over its different parts or change rapidly with small 
intervals of time. This accounts for the difficulty of applying results 
obtained in work relating to heating or ventilating practice to the condi- 
tions of large exposed water areas. 

Evaporation from the ocean is important in meteorology and ocean- 
ography as an element in climate. The conditions affecting evaporation 
differ on water surfaces of relatively small area surrounded by land and on 
water areas, such as oceans, which may be too large to be materially 
affected by marginal conditions. 

PROCESS OP EVAPORATION 

The rate at which water particles may leave the water and enter the 
adjacent air depends upon the heat supply of the water and the condition 
of the air. Such particles are continually leaving the surface of the water. 
If the air above the water is still and saturated, it cannot retain additional 
moisture and the water particles return to the water surface. If the air 
in contact with the water is not saturated or is replaced as it approaches 
its vapor-holding capacity, the rate of evaporation is determined by the 
heat supply available to produce evaporation. 

Vapor may be removed from a water surface by diffusion, by convec- 
tion, or by wind action. Diffusion is continuous whenever the vapor 
pressure of the air over the water is below that corresponding to the 
temperature of the water at its surface. Convection occurs when the 
water is warmer than the air; the heating of the air in contact with the 
water causes upward air movement. Such removal of vapor by convec- 
tion would occur in still air ; but as still air seldom occurs on fully exposed 
water surfaces, vapor removal by convection is usually combined with 
removal by wind action. Vapor removal by wind action is most active 
when wind movement is turbulent. Fully laminar wind movement over 
large water areas would not change the character of air in contact with the 
water. 

FACTORS AFFECTING EVAPORATION 

Attempts have been made to correlate evaporation with temperature 
of the air and water, differences in vapor pressure, humidity of the air, 
solar radiation, wind movement both in amount and in character, altitude 
or barometric pressure, and the chemical quality of the water. Some of 
these factors are themselves interrelated. 

Differences in vapor pressure 

The effect of differences in the vapor pressure at the temperatures of 
the water and of the air has been recognized as a factor in the rate of 
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evaporation since Dalton [7] published his laws in 1802. If other factors 
remain constant, evaporation is proportional to the deficit in vapor pres- 
sure, which is the difference between the pressure of saturated vapor at the 
temperature of the water and the vapor pressure of the air. The combined 
effect of the vapor pressure at the temperature of the water and of the 
dew point of the air is generally expressed in terms of their difference. 
Their determination requires the measurement of the temperatures of the 
air and water and of the moisture content of the air. The moisture 
content of the air is usually measured by a sling psychrometer consisting 
of wet-and dry-bulb thermometers. The pressure of the aqueous vapor 
corresponding to the observed temperatures t and t' is computed from the 
formula 

e = e' - 0.000367F(« - t') (^1 -f- ^ 

in which t and t' are the temperatures recorded by the wet- and dry-bulb 
thermometers in degrees Fahrenheit; P is the barometric pressure of the 
air in inches, all corrections having been applied; and e' is the maximum 
or saturation pressure of aqueous vapor at the temperature recorded by 
the wet bulb. The United States Weather Bureau has published tables 
[24] giving the numerical values for the items needed in using this formula. 

Difference in vapor pressure includes any effects of absolute or relative 
humidity. Absolute humidity represents the moisture present in the air; 
relative humidity represents the moisture present in the air in terms of 
the percentage of the moisture that would be present in fully saturated 
air of the same temperature. 


Tempekature 

Evaporation is affected by the temperature of both the air and the 
water. The rate of vapor emission is dependent upon the water tempera- 
ture. The rate of vapor removal is affected by the temperature of the 
air. The vapor-holding capacity of the air varies with its temperature; 
the difference in vapor pressure between the water and the air is directly 
affected by the temperature of the air. 

That evaporation is not dependent upon mean air temperatures alone 
is illustrated by the results plotted in Figure III-l. These all represent 
records of evaporation from large water areas based on measurements of 
inflow and outflow [11 and later records]. For lakes 200 feet in depth, 
such as Walker and Pyramid Lakes, for the same mean monthly air 
temperatures the evaporation in the later months of the year is larger 
than that in the earlier months. Eagle Lake, with depths of 30 to 50 feet, 
shows a temperature loop of similar type with smaller differences. For 
lakes having depths of 10 to 20 feet, such as Tulare and Elsinore Lakes, 
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the temperature loop is reversed, with larger amounts of evaporation in 
some of the early months. 


Heat supply 

Heat is the source of energy that causes evaporation. The primary 
source of heat on the earth’s surface is the sun, and the amount of evapora- 


MONTHLY EVAPORATION. IN INCHES 



Fig. III-l. — Relation of mean monthly air temperature and evaporation from lakes (11). 


tion that may occur from a water surface is primarily dependent upon the 
amount of solar radiation received and retained. For small areas heat 
may be gained or lost by movement from or to adjacent areas, and the 
evaporation may be either more or less than the evaporation that would 
result from the net solar radiation reaching the water surface. Such heat 
exchanges may occur either by convection or conduction in both the air 
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and the water. For large water areas such gains or losses of heat are 
small in relation to the heat received directly from the sun. There will be 
time lags between the receipt of heat and the resulting evaporation where 
the heat received raises the temperature of the water to depths below the 
influence of surface conditions. Such absorbed heat returns later to the 
surface in the cycle of temperature changes within the water, so that for 
periods as long as years there is little difference in the heat content of the 
water. Such gains or losses in deep bodies of water affect evaporation for 
shorter periods. 


Heat stoeage 

The variable relation between monthly rates of evaporation and the 
mean air temperature is discussed above and is illustrated in figure 1. 
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Fig. III-2, — Relation of mean monthly air temperature and evaporation from pans of different types. 


A part of this variation is the result of heat storage within the volume of 
the water exposed to evaporation. In deep bodies of water temperature 
change.s extend to considerable depths. The warming of such depths of 
water in the spring and early summer utilizes some of the heat supply that 
would otherwise be available for evaporation. Similarly the release of 
such stored heat in the fall and winter makes available a heat supply in 
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excess of that received at such times through the atmosphere. As a 
result the evaporation from deep waters is reduced relatively to the^heat 
supply in the spring and early summer and increased in the fall and winter. 

Records of the amounts of such heat storage have not been sufficient 
to furnish adequate data on its amount. It has been reported to extend 
to depths of 180 feet [26] on Lake Superior. 

That such heat storage may be a material item is shown by the 
results plotted in Figure IIL2 [13]. For small bodies of water, such as 
tanks and pans, the volume of water is not enough for such heat storage to 
be significant. For example, in the United States Weather Bureau class A 
pan at Roosevelt Dam the evaporation in the later part of the summer was 
less for equivalent air temperatures than in the earlier months, thus revers- 
ing the form of the temperature loop for deep lakes shown in Figure III-l. 
The same conditions are shown for the buried land pan at the Agricultural 
College, N. Mex., and the class A pan at Provo, Utah. The three other 
records plotted in Figure III-2 represent floating pans and show less spread 
in the temperature loop. They resemble the form of loop shown in 
Figure III-l for shallow lakes. This was to be expected, as those floating 
pans were in reservoirs in shallow water or in areas drawn down by the use 
of the reservoir storage in the later summer. 

Houk [14] has reported vertical temperature profiles for the Elephant 
Butte Reservoir for 1936, as shown in Figure III-3. The variations in 
temperature extended to the full depth of the water. The seasonal march 
from the minimum temperatures in January to the maximum surface 
temperatures in July was fairly regular. From July to September sur- 
face temperatures decreased but heat moving downward increased the 
deeper temperatures. After September general cooling extended to the 
full depth and the temperatures decreased steadily toward the minimum 
of the preceding January. The heat increase from January to August 
was sufficient, if available and used for evaporation, to have evaporated a 
depth of water equal to more than 2 feet ; the average evaporation from a 
class A pan during the same months is more than 6 feet [13]. 

Houk [14] has also reported the similar temperature profiles for the 
Owyhee Reservoir from June to November 1936. This reservoir was less 
affected by inflow and draft at that time than the Elephant Butte Reser- 
voir. The variations in temperature were practically confined to the 
upper 100 feet of depth. The amounts of heat stored from June 13 to 
August 31 would have been sufficient to evaporate a depth of about 5 
inches pf water; the reduction in heat from August 31 to November 30 
was sufficient to evaporate a depth of more than 1>^ feet of water. 

Such amounts of heat storage are important in relation to the heat 
represented by the depths of water evaporated and account for much 
of the difference in the form of the temperature loops for deep and shallow 
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bodies of water. Such heat storage also explains why late fall and winter 
evaporation on deep water may be greater and spring and early summer 
evaporation may be less than would be expected for shallow water. The 
annual evaporation from deep and shallow water should not differ mate- 
rially, as the annual variations in the water temperature are relatively 
small, but the monthly distribution may be materially different. 

Wind 

Wind movement replaces the air in contact with the water by air 
which may have a different temperature or moisture content. Some 

WATER TEMPERATURE, DEGREES FAHRENHEIT 



Fig. III-3. — Vertical distribution of temperature in Elephant Butte Reservoir in 1935. [After 

I, E. Houk (U).] 


investigators have considered wind to be a secondary factor whose effect 
is reflected in the measurements of temperature, humidity, or differences 
in vapor pressure. 

Wind above some limiting velocity may have no additional effect on 
evaporation. For winds sufficiently strong to remove all vapor as rapidly 
as it may be formed, additional wind velocity may produce no further 
effect. Such limiting velocities will vary with the other factors affecting 
evaporation. 

Wind movement may be turbulent or laminar. Turbulent movement 
will remove water vapor from contact with the water surface and increase 
evaporation. Laminar movement may not materially affect evaporation 
on large water areas if the lower air strata have uniform temperature and 
vapor content. 
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Evaporation into still air in contact with the water surface will be 
controlled by the rate at which diffusion takes place between the air and 
the water. Water surfaces under natural exposures are seldom in contact 
with still air. 

The wind velocities that affect evaporation are those of the wind in 
contact with the water surface. The observations of wind velocity by 
the United States Weather Bureau are made at stations that may be at 
considerable heights above the ground surface. The rate of increase of 


RATIO OF OBSERVED WIND TO GROUND WIND 



Fia. IH-4. — Ratios of observed wind velocity at different heights above the ground to wind velocity 
at the ground. [After C. Eohwer (28).] 

wind velocity with height above the ground as derived by Rohwer [28] 
is shown in Figure III-4. 

Babometric pressure 

Evaporation increases with a decrease of barometric pressure if all 
other factors remain unchanged. For freely exposed water surfaces 
changes in barometric pressure are accompanied by changes in other 
factors affecting evaporation, so that the evaporation from any water 
surface cannot be correlate'd with local changes in pressure alone. 

Differences in barometric pressure may be a measure of the difference 
in evaporation at different altitudes. Evaporation should increase with 
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increase in altitude if other climatic factors did not also change. The 
usual effect of the decrease in temperature and the changes in other cli- 
matic factors with increasing altitude is greater than the effect of the reduc- 
tion in barometric pressure, so that increases in altitude in similar latitudes 
result in a net reduction in the evaporation. 

The rate of change due to differences in altitude found in two series 
of records is shown in Figure III-5. One of these curves is based on obser- 
vations with pans on Mount Whitney [10], and the other on direct records 
of lakes in the western part of the Great Basin [11]. These records do not 

EVAPORATION IN PERCENT 



include observations at altitudes below 3,800 feet. The rate of variation 
shown by these results is not necessarily applicable to other areas. 


Quality of water 

The rate of evaporation decreases with increase in salt content of 
the water until a salt content of about 30 percent is reached. At this con- 
tent crusts tend to form on the water surface unless the water is subject 
to wave action. The rate of variation is generally linear, evaporation 
decreasing about 1 percent for each 1 percent increase in salt content. 
Rohwer [29] found reductions for water containing sodium chloride similar 
to those found by Lee [17] for water of Owens Lake and by Adams [2] for 
water of Great Salt Lake. For sodium sulphate solution there was little 
difference in the evaporation for contents up to 10 percent. Sea water 
would be expected to have a rate of evaporation about 2 to 3 percent less 
than that of similarly exposed fresh water. 

METHODS OF DETERMINING EVAPORATION 

Methods of determining evaporation may be divided into five classes, 
as follows; (1) Theoretical analyses ; (2) computation from formulas based 
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on atmospheric elements; (3) computation from formulas based on the 
transformation of energy; (4) observations with various types of pans or 
atmometers; (5) direct records from large water areas. 

Computations based on atmospheric elements would permit existing 
climatic records to be used if satisfactory formulas based on such elements 
could be derived. Formulas based on the transformation of energy have 
sound theoretical support and will be useful if the items necessary for their 
application can be economically and effectively observed. The difficulties 
in deriving the relations between evaporation and the climatic or energy 
items necessary in formulas of either of these types have led to the general 
use of direct observations from controlled water surfaces. Results of such 
observations require adjustment to obtain the evaporation from large water 
surfaces, so that this method is intermediate between the use of general 
formulas and direct observations on large water areas. 

Theoretical studies of atmospheric conditions 

AFFECTING EVAPORATION 

Theoretical analyses of the conditions of air movement over water 
surfaces and the distribution of moisture in the air have been used to derive 
formulas expressing the conditions that affect evaporation. These include 
the studies by Jeffreys [15] and Sutton [33] in England. Similar analyses 
in the United States include those by Rossby [30], Rossby and Mont- 
gomery [31], Leighly [19], Sverdrup [34],_ and McEwen [22]. These 
methods include consideration of atmospheric turbulence and of the exist- 
ence of a thin boundary layer in contact with the water surface in which 
air movement is laminar. In this boundary layer vapor moves by diffu- 
sion; in the turbulent air above the boundary layer vapor is distributed 
through the mixing that results from the turbulence. 

Leighly’s analysis [19] is based on conditions within the laminar 
boundary layer, in which the gradient in vapor pressure is linear. His 
results are not applicable to large areas, and instruments are not available 
for the measurement of differences in vapor pressure within the very small 
distances involved. Sverdrup [34] and McEwen [22] have applied their 
results in estimating the evaporation from the oceans. 

Thornwaite and Holzman [35] have developed equations and obser- 
vational procedures for the measurement of evaporation from land sur- 
faces. These are based on the vertical distribution of moisture in the air 
and the intensity of turbulent mixing. The observations required are 
the moisture concentrations at two levels within the turbulent layer; 
the heights of the two observations, so that moisture gradients may be 
obtained; and the wind velocity at two or more levels, to give the intensity 
of turbulent mixi ng . The moisture concentration in the air has been 
measured as specific humidity by means of recording hair hygrometers. 
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Within the heights used above the ground surface air pressure is essentially 
constant and the specific humidity is proportional to the vapor pressure. 

The formula utilizing these observational data is as follows : 

j? = 17.1(ei - e2)(v2 - vi) 

T + 459.4 

in which E = evaporation, in inches per hour. 

Cl and 62 = vapor pressure at the two levels, in inches of mercury. 

Vi and V 2 = wind velocity at the two levels, in miles per hour. 

T = temperature. 

Two experimental stations for this method have been in operation at 
the Muskinguni Climatic Research Center, in Ohio, and Arlington Farm, 
in Virginia. By means of a tower an instrument shelter large enough to 
contain a hydrothermograph may be raised to any height up to 28 feet. 
Such observations supply records of the moisture gradient at the site of 
the tower, which can be used to compute the upward rate of moisture 
movement. The upward moisture movement will have its source in the 
supply from which the moisture is obtained. This may be the area under 
the tower for conditions of still air or the area to the windward from which 
the air and moisture come during wind movements. For areas of uniform 
vegetation or for water surfaces that are large in relation to the area of 
wind movement such observations represent the loss from such surfaces. 
For areas of mixed crop and moisture conditions the results represent the 
mean rate of loss of moisture for the area contributing to the air whose 
moisture gradient is measured at the tower. 

This method represents an added approach in the efforts to measure 
evaporation under field conditions. It was developed to measure moisture 
losses from areas of cropped lands but, if found applicable, will be equally 
suitable for measurement of evaporation from water surfaces. Compari- 
sons of this method for water surfaces with other methods by which evapo- 
ration can be measured are needed. 

Formulas based on atmospheric elements 

Formulas based on atmospheric elements have generally been derived 
from a consideration of the factors affecting evaporation with the empirical 
coefficients necessary to reduce the results to losses from large areas 
determined by comparisons with observations of losses from water sur- 
faces. Such formulas began with that of Dalton [7] in 1802. Among 
other formulas, more frequently, quoted are those of Fitzgerald [8], Russell 
[1], Bigelow [3], Horton [12], Meyer [25], Hayford-Folse [9], and Rohwer 
[28]. These formulas have been expressed, so far as it is practicable, in 
the following nomenclature : 
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E ~ evaporation in inches per 24 hours unless otherwise stated. 
a and c = constant coefficients 

Cs == mean pressure of saturated vapor at the temperature of the water surface, in inches 
of mercury. 

€d = mean pressure of saturated vapor at the temperature of the dew point, in inches of 
mercury. 

d ~ relative humidity of the air. 

B = mean barometer reading, in inches of mercury at 32° Fahrenheit. 

w = mean velocity of wind at surface of ground or water, in miles per hour. 

is = mean temperature of the water surface, in degrees Fahrenheit. 

ta - mean temperature of the air 1 inch above the water surface, in degrees Fahrenheit. 

ew = vapor pressure at the mean wet-bulb temperature, in inches of mercury. 

“ = rate of change in the maximum vapor pressure with temperature. 

Dalton^s statement [7, 28] of the principles controlling evaporation 
has been expressed as 

E = c(es - ea) 

In some statements of this formula [23] the factor 1 + aw has been 
added to include the effect of the wind. The term — Cd represents 
Dalton’s conclusions regarding the effect of the temperature of the air and 
water and the relative humidity of the air. 

Fitzgerald’s formula [8] is 

E = (0.40 + 0.199w)(es - ed) 

This formula was published in 1886 as the result of observation on 
small pans. 

Russell’s formula [1] was based on observations with Piche atmom- 
eters at many localities in 1886. Tt is 

„ r (1.96e«, + 43.88) (etc — ed)' 

E = ^ J 

On the basis of these observations Russell prepared a map showing 
lines of equal evaporation in the United States, which has been frequently 
copied, although there is much uncertainty regarding the reduction of 
such records to the equivalent evaporation from large water areas. 

Bigelow’s formula [3] is the result of extensive work for the United 
States Weather Bureau. It is 

E = 0.00236 ^ ~ (23 + 0.62«;) 

Horton’s formula [12] for standard Weather Bureau pans with water 
and air temperatures equal is 

E = 0.40[^e* — Cd] with \f' = 2.0 — 

in which e is the base of Naperian or natural logarithms. For large areas 
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the calculated evaporation is to be multiplied by an area factor 

tl/ - I 

F = (1 - P) + pL, 

in which h is the relative humidity (decimal) and P is the fraction of the 
time during which the wind is turbulent. 

Meyer’s formula [25] is 

E in inches per 30 days = C(V — ?))(! + w/10) 

in which V is the maximum vapor pressure in inches of mercury corre- 
sponding to the monthly mean air temperature observed by the Weather 
Bureau at nearby stations, v is the pressure of vapor in the air based on 
Weather Bureau determinations of monthly mean air temperature and 
relative humidity at nearby stations, and w is the monthly mean wind 
velocity, also from Weather Bureau stations where the velocities are 
measured at considerable heights above the ground. For small shallow 
ponds and for moisture on grass, leaves, etc., C = 15. For large or deep 
bodies of water, V is the maximum vapor pressure corresponding to water 
temperature instead of air temperature, v is the pressure of vapor in air 
about 30 feet above the water surface, and O' = 11. 

The Hayford-Folse formula [9] was derived from an extensive study 
of records on the three upper Great Lakes. It is 

E = (e, - Cd) [(0.319 -b 0.358) (w - 10.8)] 

In obtaining this formula the meteorologic records of the United 
States Weather Bureau were used, including the records for wind velocity. 
Only positive values of (w — 10.8) were used, as winds of less than 10.8 
miles an hour at the heights above ground at which the Weather Bureau 
records were obtained are considered to have no effect on the evaporation 
at the ground level. Folse has computed the probable error resulting 
from the application of this formula on any day when the wind velocity is 
less than 10.8 miles an hour as 11.6 percent, assuming that there are no 
systematic errors. 

Rohwer’s formula [28] is the result of extensive investigational work 
by the Bureau of Agricultural Engineering of the United States Depart- 
ment of Agriculture. His general formula is 

E = 0.771(1.465 - 0.0186B)(0.44 + 0.118Tf)(e. - e^) 

The work from which this formula was derived included both indoor 
and outdoor pan observations and comparisons with an 85-foot reservoir 
at Fort Collins, Colo., and observations with pans at several other localities 
covering a wide range in altitude. It includes factors representing 
altitude, wind movement, and differences on vapor pressure. The use of 
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this formula requires records of wind movement and air and water tem- 
peratures and readings of wet- and dry-bulb thermometers. These 
items, except the water temperatures, are observed at regular Weather 
Bureau stations. Wet- and dry-bulb readings are not made by voluntary 
observers. 

Rohwer applied this formula to local observations at 19 stations for 
which records of mean monthly evaporation from pans were also available. 
The algebraic mean for all computed results differed less than 2 percent 
from the pan observations for the full period of record. For different 
months the differences of the computed evaporation from the observed 
evaporation ranged from —15 to -t-12 percent. For individual stations 
the mean differences ranged from —18.5 to -1-34 percent. 

Few comparisons of the results obtained by the use of these evapora- 
tion formulas with the evaporation from large water areas can be made, 
owing to the lack of records of all the items required. Comparisons with 
the evaporation from small pans are subject to the uncertainties regarding 
the relations between such pans and large areas. 

Formulas based on atmospheric elements are useful where direct local 
observations of evaporation are not available. To give accurate results a 
formula that correctly represents the factors controlling evaporation would 
need to be applied to short periods, such as hours, within which there is 
slight variation in the factors involved. A correct formula of this sort 
cannot be expected to give accurate results when applied to monthly or 
annual means of its factors. Detailed applications to short periods are 
burdensome, however, and such formulas have usually been applied to the 
means for monthly or annual periods. For such long periods only general 
agreement between the computed and the actual evaporation should be 
expected, even where the formula may correctly represent the relations 
of the factors involved. 

Formulas based on transformation of energy 

The total amount of evaporation that may occur is limited by the 
total amount of heat that is available to convert water into vapor. The 
main source of such heat for natural bodies of water is the sun. Such heat 
may reach a water surface directly as solar radiation, or it may be brought 
to the water indirectly by air movement. 

The amount of solar radiation received at any point on the earth’s 
surface varies with the inclination of the sun’s rays, the duration of sun- 
shine, the amount of cloudiness, and the atmospheric depletion of the 
solar radiation received at the exterior of the earth’s atmosphere. The 
solar constant represented by the radiation received by a surface exposed 
vertically to the sun’s rays at the upper limit of the atmosphere varies 
within a relatively narrow range and averages 1.93 calories per minute 
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per square centimeter of surface. The mean monthly solar radiation 
received on the earth’s surface ranges from 36 to 65 percent of that at the 
exterior of the atmosphere; for different latitudes the mean monthly values 
range from less than 100 to about 700 calories per square centimeter per 
day [27]. 

Solar radiation is measured by various forms of pyrheliometers [37]. 
Records of 16 stations are now published by the United States Weather 
Bureau. The amount differs widely at different stations and at different 
times of the year. 

Evaporation may be computed by accounting for all of the solar radia- 
tion received from the sun and assigning to evaporation the heat not 
otherwise used. This method is an application of the law of the conserva- 
tion of energy. It has been used by Cummings [6], Bowen [4], Richardson 
[27] and McEwen [21]. Evaporation in these terms is generally stated as 
follows : 


F _ (I -B-S-C) 
^ - Lil + R) 

in which 

p _ 0-46(U - U) P 
" “ Pi - Pi 760 


( 1 ) 

( 2 ) 


In metric units these terms are: 


E = evaporation, in centimeters of depth. 

I = incoming radiation per square centimeter of horizontal surface. 

B = back radiation to the sky, in the same units as I. 

S — heat storage in the water for unit cross section to the full depth of water. 

C = combined correction for heat leakage through the walls of the container or the heat 
received or lost in a lake from running water. 

The quantities in the numerator are expressed in calories per square 
centimeter of open water surface for the time period corresponding to 
that used for E. 


L = heat of vaporization of water, in calories per cubic centimeter at ordinary temperatures; 

for the units defined in the formula this is about 585; for E in inches it is about 1,500. 
R = Bowen^s ratio [4] = ratio of sensible heat to latent heat, computed by equation 2. Water 
loses heat by vaporization and as sensible heat. Sensible heat may be a gain or a loss; 
it is a gain when the air is warmer than the water. 

In equation 2 

h = water surface temperature, in degrees centigrade. 
ti = air temperature, in degrees centigrade. 

Pi = vapor pressure of saturated vapor at in millimeters of mercury. 

P 2 = partial pressure of actual vapor in the air, in millimeters of mercury. 

P ~ barometric pressure, in millimeters of mercury. 

Back radiation to the sky, B, is always positive. For, hourly periods 
it ranges from 0 to about 10 calories per square centimeter [6]. The heat 
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stored in the water, S, is generally small over long periods, but for short 
periods it may range from —10 to +10 calories per hour per square 
centimeter [6]. 

Bowen’s ratio, R, may vary widely for short periods; its 24-hour 
values seldom exceed 0.30 and frequently fall below 0.20 [6]. 

The method of determining evaporation by computing heat energy 
is a correct accounting for the solar radiation received by a body of water 
and the proportion of such energy available for evaporation. However, 
there are fewer records of solar radiation now available than of the other 
climatic factors affecting evaporation, so that for many areas this method 
cannot now be applied to compute local evaporation. When used with 
available general data its results will be representative of general evapo- 
ration rather than of evaporation for local areas or for shoit periods. 

The method based on heat energy may also be used to obtain evapora- 
tion by making the observations necessary for insertion in the formula. 
Observations of water and air temperatures, records of wet- and dry-bulb 
thermometers, and in addition local observations of solar radiation and 
back radiation would be essential. Solar radiation can be measured with 
some form of pyrheliometer, but suitable direct methods of measuring 
with high precision back radiation to the sky have not yet been worked 
out. Though the method based on heat energy is helpful to an under- 
standing of the processes of evaporation, it is difficult, for the present at 
least, to measure the items required for the use of this method. Such 
measurements may be simplified by the use of an insulated pan for which 
S and C would be reduced to zero. 

Instbumeistts fob. the dieect measurement of evaporation 

The difficulty of making direct measurements of evaporation from 
large water surfaces has led to the use of many types of small water areas 
in tanks or pans and special surfaces, such as those used in atmometers. 
All these instruments attempt to integrate the effect of the various climatic 
factors affecting evaporation and to record a directly measurable loss that 
is proportional to that from an adjacent large water area. ' Pans of several 
types are shown in Figure III-6. 

Records with all these instruments require the use of coefficients or 
other adjustments to reduce the observed loss to that from large water 
areas. It has generally been assumed that the relation between the 
evaporation from such pans and from a large water surface is constant, 
and a uniform coeflficient has been applied. 

If pans are to be used for the measurement of evaporation it is essen- 
tial that the relation of their evaporation to that from large areas should 
be suflficiently constant to permit a mean value of the coeflficient to be 
used or that the coefficient should vary by some simple relation dependent 
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on easily measured factors. If the factors causing variations in such 
coefficients are complex and result in material differences in the coefficient, 
the usefulness of the pan method of observation will be materially reduced. 
If such pans do not reflect the effect of the factors controlling evaporation 
from large areas, direct observations of such factors and their use in a 
formula based on the factors would be as direct as the use of such pans. 

The evaporation from the pans now in use has, in general, a fairly 
uniform relation to the evaporation from large water surfaces for annual 
periods, for which the variations in climatic factors are usually small. 
Less close agreement is usually shown for shorter periods. Further 
investigation is needed on the value and variation of the coefficients 
of the pans now more generally used and also on the development of addi- 
tional types of pans having a more nearly constant relation to large areas. 
Until such results are obtained records with pans are subject to uncer- 
tainties when applied to short periods or at times of small rates of loss. 

Tanks or pans of all types represent shallow depths of water having 
small capacity for heat storage. Land pans, whether set on or in the 
ground, have conditions of water temperature different from those in 
deep bodies of water. Such conditions are only partly corrected with 
floating pans of practicable types. The character and extent of the effect 
of heat storage in deep water and in shallow pans is discussed above and 
illustrated in Figures III-l, III-2, and III-3. The evaporation from no 
form of shallow pan can be expected to have a constant ratio or coefficient 
to the evaporation from an adjacent large water surface of material depth. 
Heat storage can only be a minor item in any shallow tank, as it is in a 
shallow lake. Though tanks or pans may haye a fairly consistent coeffi- 
cient for annual periods, Similar consistency cannot be expected for shorter 
periods, such as months. 

Effect of size of pan . — Pans have been found to have larger rates of 
evaporation than adjacent large water areas. The coefficients which it 
is necessary to apply to pan results vary with the size of the pan and 
approach unity for the larger pans. Sleight [32] at Denver derived a 
relation of the annual evaporation from sunken pans, based on differences 
in diameter. The relations which he found were consistent when applied 
to annual periods but were variable when applied by months, as indi- 
cated in the table shown on page 75. The relations found by Sleight for 
pans of this type under the conditions at Denver may not be applicable to 
pans of other types or at other localities. 

Sleight also found that the evaporation from the 12-foot pan was 
closely similar to that from a larger area. Observations with pans adja- 
cent to large water surfaces have been too few to enable the limits of the 
relations of the evaporation from pans to that from large water areas or 
for short periods of time to be fully determined. 
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Comparison of evaporation from tanks of different diameter 
Observations by R. B. Sleight [32] at Denver, for 12 months in 1915-16, using sunken round 

tanks 3 feet deep] 


Diameter 
of tank 
(feet) 

Mean coefficient to be 

Deviation of coefficient from annual mean (per cent) 

applied to each size of 
tank to obtain evapora- 

Weekly 

1 

Monthly 

tion from 12-foot tank 

Range 

Mean 

Range 

Mean 

9 

99.0 

-8 to +15.0 

3.8 

-5.5 to +4.5 

2.2 

6 

91.3 

-10.5 to +18.0 

4 2 

-10.7 to +4.6 

3.8 

3.39 

82.9 

-15.6 to +17.0 

4.7 

-19.8 to +7.8 

5.3 

2 j 

77.9 

-15.9 to +9.6 

4.1 

-13.0 to +5.3 

4.2 

1 

64.5 

-19.5 to +28.6 

8.6 

-14.0 to +13.0 

5.6 


Effect of depth of pan . — Evaporation from shallow pans may be greater 
or less than that from deeper ones, depending on the relative temperature 
of the air and water. Working with tanks from 0.25 to 5.75 feet deep, 
Sleight [32] found little difference for tanks more than 3 feet deep and 
recommended depths of at least 2 feet. The total evaporation for a period 
of several months did not vary widely with the depth, but the weekly varia- 
tions were larger with the shallower pans, which showed a larger relative 
loss during the part of the period having higher temperatures. 

Class A land pan of the United Staies Weather Bureau . — The class A 
land pan is the standard pan of the United States Weather Bureau [16, 38]. 
It is 4 feet in diameter and 10 inches deep, and the water is maintained 
within 2 and 3 inches of the top. It is set on timbers so that the bottom of 
the pan is 6 inches above the adjacent ground; this reduces the difficulties 
with drifting soil or snow sometimes found with sunken pans. Earth is 
banked within an inch of the top of the timbers, leaving some air circula- 
tion under the pan. The temperature of the water in the pan fluctuates 
closely with the air temperature. 

This pan has been used in the United States more extensively than 
any other. The coefficient now more generally recommended to reduce 
observed losses from the pan to the loss from large water areas is 0.70 [38]. 
Annual coefficients of 0.66 to 0.70 were found under Colorado climatic 
conditions; for individual weeks the variations ranged from -1-19 percent 
to —14 percent of the mean [32]. Rohwer [28], in comparisons with an 
85-foot reservoir, found a mean of 0.70 and a range from 0.91 to 0.57 in 
different months. Young [36], in comparisons with a 12-foot sunken pan 
for one year’s record at Fullerton, Calif., found an annual coefficient of 
0.77 for the standard pan. 

On the basis of the present available records a general coefficient of 
0.70 is recommended for reducing observed evaporation from this pan to 
evaporation from large water areas where there are no records indicating 
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the value of the coefficient for the local conditions. The coefficient nnay 
vary widely for short periods, but available data are inadequate to estab- 
lish values for such periods under variable climatic conditions and depths 
of water. 

Colorado sunken pan . — The Colorado sunken pan, which has been used 
in the Western States, is 3 feet square and from to 3 feet deep [38]. 
Its rim projects about 4 inches above the ground to avoid splashing rain, 
drifting snow, dust, and trash, without giving too great an obstruction 
to the wind. Water in the pan is maintained at the ground level. The 
temperature of the water does not fluctuate as rapidly as the temperature 
of the air, so that conditions approach those in large lakes. 

The general coefficient for this pan, now more generally recom- 
mended, is 0.78 [38], different results range from 0.75 to 0.86 for annual 
periods. Rohwer [28] found monthly values ranging from 0.69 to 0.92. 
He also found that the average variation of the monthly records from the 
mean annual value of the coefficient was 7 percent. 

Six-foot sunken pans . — Sunken pans 6 feet in diameter and 3 feet deep 
have been used by the Bureau of Agricultural Engineering; similar pans 
2 feet deep have been used by the Bureau of Plant Industry. Few 
determinations of the coefficient for these pans have been made. Colorado 
results [28, 32] have indicated annual values of 0.90 to 0.94; California 
results at East Park Reservoir [28] indicated a value of 0.78 for a pan 
4 feet in diameter. 

Floating pans . — Floating pans have been used in an attempt to estab- 
lish conditions similar to those of the surrounding water. Such pans are 
subject to splashing during winds, even when surrounded by a raft and 
are less accessible for measurement than land pans. Coefficients are also 
required to reduce results with floating pans to the evaporation from large 
water surfaces. Floating pans are not now generally used ; when used it is 
advisable to install a land pan also, to supply data for missing periods in 
the records of the floating pan. 

For floating pans, the type known as the United States Geological 
Survey pan [38] has been generally used. This is 3 feet square and 18 
inches deep and is supported by drum floats. Diagonal baffles in the 
pan are used to reduce wave action. A coefficient of 0.80 is generally 
recommended for this pan [38]; different comparisons have indicated a 
range from 0.70 to 0.91. 

Insulated pans . — In order to avoid heat losses or gains through the 
sides and bottom of evaporation pans, insulated pans have been proposed, 
and some observations with such pans have been made. The Bureau of 
Agricultural Engineering has used a pan at Fullerton, Calif., designed by 
Cummings [5], set above the ground, 2.54 feet square and 8.5 inches deep, 
insulated with a 0.5-inch layer of celotex. Unpublished results for one 
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year’s work show evaporation about 20 percent larger than that from 
a 12-foot sunken pan from March to October and about 40 percent larger 
from November to February. The evaporation from the insulated 
pan was generally similar to that from a 2-foot sunken pan. 

A completely insulated pan would be a form of pyrheliometer, in 
which the evaporation would be a measure of the difference between the 
solar radiation and the back radiation to the sky. The effect of wind 
on the evaporation from such a pan would be included and would be 
representative of the wind effects on the adjacent lake area if the exposures 
were similar. The insulated pan would receive the same solar radiation 
as the lake area and would be subject to the same back radiation. Differ- 
ences in heat storage in the pan would be relatively small compared to 
those in the deep lake areas, and vertical temperature profiles would need 
to be observed in the lake at the frequency for which the evaporation 
was to be computed. To apply the results with such insulated pans to 
adjacent large water areas quantitatively, temperature records of the air 
and water with wet- and dry-bulb thermometers for the large water area 
would be needed. From these records Bowen’s ratio could be computed 
for the application of the heat-energy formula. Cummings [6a] has made 
observations of this type at Bear Lake, in Utah. This method may be 
used if the observations and their computations can be made at reasonable 
cost. Present data do not permit determination of the coefficients that 
may need to be used with such pans. 

Atmometers . — Atmometers are instruments having special surfaces 
which are kept moist and from which the water loss is recorded. The 
Piche atmometer consists of a paper disk [1]. The porous-cup atmometer 
as developed by Livingston [20] uses either black or white spherical porous 
cups. 

Such small surfaces do not have the same exposure as large water 
areas. TKey represent more nearly the conditions affecting loss of mois- 
ture from plants and have been used in plant studies. Records of such 
atmometers are not directly applicable to the evaporation from a water 
surface. 

Evapoeation from large areas 

Conditions are seldom favorable for the direct determination of 
evaporation from large water areas. Such evaporation has to be obtained 
as the residual item from records of all other items of inflow and outflow. 
Evaporation cannot be determined for lakes or reservoirs having unmeas- 
urable seepage gains or losses. 

Records on western lakes [11] indicate a mean annual evaporation 
of 4.2 feet on Walker Lake and 4.15 feet on Pyramid Lake, in Nevada, 
and of 3.5 feet on Eagle Lake, 4.6 feet on Tulare Lake, and 4.6 feet on 
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Lake Elsinore, in California. Lee [18] computed an annual evaporation 
of 5.07 feet from Owens Lake, Calif., from 1906 to 1914; for fresh water 
this is equivalent to about 5.6 feet. 

Variations in amount of evaporation in any locality 

The annual evaporation at any locality varies within a narrower 
range than other water-supply items. Where direct local observations 
for any year are not available it is customary to use the mean annual 
evaporation for all years of record. The small range in the annual 
evaporation is illustrated by the records for Lake Elsinore [11], in Cali- 
fornia, where for 19 years the annual evaporation ranged from 93 to 105 
percent of the mean. 

Variations for shorter periods are larger. The same month may 
show large differences in different years, owing to variations in the climatic 
factors. For 12 years of pan records at East Park Reservoir [13], in 
California, monthly records in different years ranged from about 50 to 
150 percent of the mean in the months of smaller loss and from about 
75 to 120 percent of the mean in the summer months of larger evaporation. 

Evaporation from ice and snow 

Records of the evaporation from ice and snow are meager, although 
it is generally recognized that such evaporation occurs. Observations 
with pans have frequently been discontinued when the pans freeze. 
The relative evaporation from a frozen pan and an adjacent lake would 
differ from that at higher temperatures, as such pans will freeze before an 
adjacent open water surface that is subject to wind and wave action. 
Large lakes may not freeze at temperatures materially below 32°F • 

Snow is subject to some evaporation while temperatures are near 32°F. 
There is also considerable loss by evaporation from banked snow during 
the melting period. 

Annual evaporation in the United States 

The most extensive available tabulation of evaporation records is 
that assembled by Follansbee [38]. This includes about 300 records 
reduced to the equivalent evaporation from a large water surface. Fol- 
lansbee has summarized these records as follows: 

“Most of the records of evaporation were taken in the western part 
of the United States, comparatively few being available east of the Missis- 
sippi River. These records indicate in a general way, however, the varia- 
tion in the United States. 

“The area of lowest evaporation is the Great Lakes region, where it 
ranges from 15 to 20 inches per year. East of the Mississippi River the 
evaporation increases from 20 inches in Maine to 43 inches at Birmingham, 
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Ala., and then decreases slightly toward the Gulf coast, with its greater 
humidity. 

“West of the Great Lakes the evaporation increases to 40 inches in the 
upper Missouri River Basin. Southwest of the Missouri River it gradually 
increases to 70 inches in southwestern Texas and southeastern New 
Mexico. 

“In the Rocky Mountain region the evaporation depends largely upon 
temperature, which decreases with an increase in elevation. 

“As few records are available at the higher elevations, it is impossible 
to estimate the variation in evaporation in the Rocky Mountain region. 

“In the inter-mountain region, between the Rockies and the Sierra 
Nevada, the evaporation ranges from 38 inches in northern Nevada 
to 60 inches in southern Nevada and Arizona. 

“In the arid section of Washington and Oregon, comprising chiefly 
the region east of the Coast Range, evaporation ranges from 40 to 50 
inches. In the western half of Washington the evaporation is generally 
less than 25 inches, the lowest being at Lake Kachess, with a rate of 
20.15 inches. In western Oregon it is between 30 and 40 inches. 

“In California the rate of evaporation depends largely upon the 
elevation of the station. In the Sierra Nevada it ranges from 32 inches 
at Lake Tahoe to 62 inches in the southern part of the State. Throughout 
the remainder of California it ranges from 38 to 57 inches, except in 
Imperial Valley, where an extreme of 97.10 inches has been recorded near 
Salton Sea, in the center of the valley.” 

Evapobation fkom the ocean 

Sverdrup [34] has computed the evaporation from the sea on the 
assumptions that (1) a boundary layer exists next to the surface within 
which transport of water vapor takes place by ordinary diffusion; (2) 
above the boundary layer the transport of water vapor takes place by 
eddy conductivity; (3) laboratory results show that the eddy conductivity 
is a linear function of altitude above the sea and depends upon the rough- 
ness of the surface. 

The layer of diffusion was found to have a probable thickness of 
4.12/u), where w = wind velocity in centimeters per second. The sea 
surface is considered to be rough, having a roughness parameter of 0.6 
centimeter. Using these assumptions and available data, Sverdrup com- 
puted the evaporation from the Atlantic Ocean in millimeters per 24 hours 
for latitudes of 50° N. to 55° S., and his results show a good agreement 
with those of Wust in 1920 based on observations to which a correction 
factor of 1.22 had been applied, and with a later revision by Wust and 
separate results by Mosby in 1936. 

The results are as follows: 
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Evaporation from the Atlantic Ocean in regions of dif event latitude 


Region 

Evaporation per 24 hours 
(millimeters) 

Evaporation per year 
(feet) 

Sverdrup 

Wust X 1.22 

Sverdrup 

Wust X 1.22 

50° to 40° N 

2.3 

2.2 

2 76 

2.64 

40° to 30° N 

3.3 

3.2 

3.96 

3.84 

30° to 8° N 

5 2 

4.3 

6.25 

5.16 

8°to 3° N 

1.9 

3.0 

> 2.28 

3.60 

3°Nto20°S 

4 1 

4.0 

4.92 

4.80 

20° S to 40° S 

3.2 

3.2 

3.84 

3.84 

40° S to 45° S 

2.2 

1.6 

2.64 

1 92 


McEwen [22] has computed the evaporation from the Pacific Ocean 
from latitude 20° to 50° North, using surface temperatures observed 
and published by the Imperial Japanese Observatory at Kobe, the average 
daily solar radiation reaching the sea surface as prepared by H. H. 
Kimball, of the United States Weather Bureau, and measurements of 
solar radiation at various depths. Equating the rate of change of heat in 
an elementary volume of water with the heat furnished by the absorption 
of penetrating solar radiation less the rate of loss enabled him to formulate 
an equation expressing the theoretical sea temperature in terms of time, 
latitude, and depth for depths less than 35 meters. Using 0.2 for Bowen’s 
ratio, McEwen derived the following ratio; 

Computed rates of evaporation from the Pacific Ocean 


Latitude 

N 

Computed evaporation 

Meters per 
month 

Equivalent 
feet per year 

20° 

0.106 

4.27 

25° 

.102 

4.00 

30° 

.094 

3.70 

35° 

.084 

3.30 

40° 

.072 

2.83 

45° 

.055 

2.16 

50° 

.047 

1 85 
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CHAPTER IV 

SNOW AND SNOW SURVEYING; ICE 
James E. Church^ 

The subject of snow and snow surveying, like its conapanion glaciers 
and ice sheets, belongs to the field of cryology. This field and its relations 
are represented in the accontipanying chart, figure IV-1. However, so 
elementary is the progress in all these applications that any reference to 
them must be in the nature of ideals rather than achievements. To keep 
within the limits of the definition of hydrology and the space limitations of 
this volume, discussion will be confined so far as possible to the hydrologic 
characteristics of snow and ice. 

FORMS OF SNOW AND ICE 

Among the elements of nature obvious to primitive man were earth, 
fire, air, and water. AU fascinated him, but the moods of the fire, air, and 
water must have caused him reflection. Even now the whence and the 
whither of the water are not fully comprehended. 

Water vapor in its distribution in the atmosphere is, in a general 
way, controlled by cold. The precipitates of water vapor — ^rain and 
snow, dew and frost, water and ice — are chemically kindred, but physically 
they are variants. Moreover, the transition from invisible vapor to ice 
and return is not necessarily effected through water, although evaporation 
of ice is accelerated by passing through the water stage. This is demon- 
strated by the appearance of cirrus clouds, composed entirely of ice 
crystals, and by the evaporation of ice and snow. 

Snow or ice crystals range in form from the simple columns and plates 
to complex aggregates. The column frequently appears as a needle and 
the plate as a star, especially to the unaided senses. The forms are all 
variants of the triangle or more probably the hexagon. The apparent 
divergence between the column and the plate is merely the result of differ- 
ences in proportional growth, that of the column being in length rather 
than in width. Crystalographically they are one. 

The simpler forms occur most commonly at great altitudes, where the 
temperature is very low, the amount of water vapor therefore small, and 
the growth of the crystals relatively slow. This accounts for the ice- 
crystal halos at high altitudes in the warmer zones and at the surface in 

^ Meteorologist, Nevada Agricultural Experiment Station, Reno, Nev* 
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the polar region. The perfection of the forms is probably due to their 
small size from lack of moisture and their consequent wide separation, 
which permits uniform growth. 

By use of a hair to provide a nucleus and support for snow crystals 
Nakaya [35] has been able to direct and observe their formation and 



Fig. IV-1. — Relations of rain, snow, and ice to the various scientific and technical activities in 
the fields of cryology. Precipitation is at the center of hydrologic interest, and wherever snow cover 
jxists the precipitation in the form of snow becomes dominant in the study of water. 

growth. In natural snow a hexagonal plate with femlike extensions at the 
corners is frequently observed. This type of crystal he produced artifi- 
cially by abruptly raising the temperature of the vapor-supplying water 
in the course of the crystal’s development. Thus he simulated the fall 
of the crystal from the relatively cold dry upper layers of the atmosphere 
into the warmer more humid layer nearer the earth’s surface. 

The numerous variety of crystals is attributed by Nakaya to the com- 
plexity of atmospheric conditions encountered by the crystal in its descent. 
Heavy snow usually consists of formless particles or agglomerates of 
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crystals more or less deformed. He hopes ultimately to determine the 
conditions of the formation of all types of snow. There is here a rich field 
for free-air study and laboratory confirmation. 

A similar study of the variation in snow crystals with variation in 
weather-elements has been conducted by V. I. Arnold-Alabiev [10] at the 
Central Geophysical Observatory, Leningrad, since 1936. In each storm 
the snow crystals are caught and their types and the frequency of each are 
determined. Temperature, humidity, and wind, preferably of the upper 
air, are recorded. This method lacks the selectivity and creative process 
of Nakaya’s. It must await the slow chance combinations of nature. 

This Soviet study could well be extended to the Arctic region, where 
the natives have several distinct terms for snow, descriptive of its relative 
value for sledging. There is also a field, particularly in Canada, where 
the cause of ski friction for airplanes is being studied, and in Washington 
State, where diverse weather and snow texture require specialized tech- 
nique in removal of snow from the highways. Closely associated with 
this problem is the forecasting of ice on airplanes and sleet on highways. 
Prevention and avoidance should outweigh the cost of removal. 

DEFINITIONS 

Definitions, like names, are essential to identification. The condensa- 
tion forms of water vapor include fogs and clouds with their active deriva- 
tives, rain and snow. When the temperature of the air is below freezing 
up to a considerable altitude, rain falling into it from above is likely to 
reach the ground only as frozen pellets, known as sleet. In England and 
in some places in North America the term “sleet” refers to rain and snow 
mixed. 

Rain drops frozen at higher altitudes and frequently built up in 
layered balls to large size are known as hail. 

Kindred to hail is the snow pellet (known as “graupel” or “tapioca 
snow”), a “tiny ball of softish ice- or .snow that looks as if it might have 
begun as a snow crystal and by capture of under-cooled cloud droplets 
ended as a wad of rime” [12, p. 21]. 

Glaze is the result of rain falling bn exposed objects when either the 
rain is supercooled or the surface temperature is at or appreciably below the 
freezing point and turning to “slick and clearish ” ice. Such objects may 
be airplanes flying far above the surface of the earth. The phenomenon 
is under study in connection with both air and land transport. 

Other derivatives of water vapor are dew, Beschlag, frost, and rime, 
known as condensation deposits rather than precipitates, because not so 
visibly falling from heaven. 

Dew results from the cooling of the immediately adjacent air by 
exposed objects and the deposition by the saturated air upon them of 
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moisture in delicate droplets if the air is above the freezing point. Strictly 
this is the case only where the ground cools by radiation; where warm moist 
air succeeds a cold spell, there may be a similar deposit, which is called 
“Beschlag.” 

If the temperature is below freezing, the deposit of dew is called 
frost. It may be simply frozen dewdrops but is usually hoar, a product of 
sublimation. “The forms are columnar when deposited rapidly at tem- 
peratures not far below the freezing point and tabular when deposited 
slowly in very low temperatures” [12, p. 21]. The tabular form when 
appearing on the surface of snow fields is known as “surface hoar” and 
is welcomed for its soft yet reliable texture. 

Rime (“frozen-fog deposit ”) is a“ tufty deposit of (granular) ice caused 
by the sudden freezing at the time and place of impact of undercooled fog 
or cloud droplets” [12, p. 21]. Unlike graupel, it builds up continuously 
and into the wind and attains its greatest size on mountain tops where 
cloudcaps persist and high winds accelerate deposition. It has scant rela- 
tion to icicles, which represent the gravity flow of water under conditions 
of glaze. 

DISTRIBUTION OF RAIN AND SNOW 

The snow varies in quantity and duration directly in relation to 
temperature. This is also true in a broader sense of the water- vapor 
constituent of the atmosphere from which it is derived. “At and above 
the height of 5 miles the amount of water vapor is always small, even when 
saturation obtains, owing to the very low temperatures at these levels. 
That is why water vapor (in appreciable amounts) is confined almost 
wholly to the lower atmosphere” [25, p. 11]. 

In the distribution of rain and snow over the earth the coldest places 
should therefore be the driest. This means that the highest peaks and the 
polar regions should have the least precipitation. On the other hand, 
because of the cold and consequent slowness of melting and evaporation 
they retain precipitation longest, and this is in the form of snow and ice. 
The increase in wind velocity with altitude offsets somewhat the retarding 
effect of cold, however. 

As condensation of water vapor is due chiefly to cooling, maximum 
precipitation should be expected where moist air is forced upward by 
colder air, by converging currents, or by the slopes of mountains athwart 
its course. Such processes are more effective near the ocean, the great 
source of evaporating moisture. Conversely, the minimum precipitation 
should be sought in the lee of high mountains or progressively northward 
and away from the sea sources. 

The counteracting influences of altitude and latitude on precipitation 
are shown by the climatic maps of the United States and Canada (Figs. 
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11-12 and IV-2; 45 and 45a). Through the center of the continent the 
isohyets decrease northward from 40 to 10 inches of water (normal annual 
precipitation), while on the Atlantic coast the isohyets continue at 40 
inches or higher as far north as Greenland and on the Pacific coast they 
rise from 40 inches in Mexico or even 10 inches in southern California to 
as high as 160 inches on the coast of Alaska. 

East of the barrier range isohyets of 10 inches are found in the Great 
Basin, as in the Arctic region, and east of the barrier range of southwestern 



Fig. IV-2. — Map of North America, north of the United States, showing mean annual precipitation, 
in inches. By Charles F, Brooks and others. {Courtesy of Blue Hill Meteorological Ohsermtory.) 


Greenland the Michigan-Greenland Expedition found the annual precipita- 
tion in 1927-28 to have a water content of less than 3 inches. 

Figure IV-3 shows the relative amount of precipitation that falls in the 
form of snow. The isopleths range from 0 percent at the Gulf of Mexico 
to 50 percent in the Arctic region. The effect of mountain ranges in 
distorting these curves northward is shown on the east and the west. 
Even so, the curves fail to show the preponderance of snowfall over rainfall 
in the higher mountains of the West. Furthermore, snow falls throughout 
the year on the back of the inland ice of Greenland above 8,800 feet 
(2,700 meters) and its accumulation apparently exceeds melting above 
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Fig. IV-3.— Map of North America, showing percentage of annual precipitation that falls in the 
form of snow. See Fig. 11-12, page 51, and Fig. IV-2, page 87; see also references 45 and 45a, on page 
144. By Charles F. Brooks and K. G, Stone. {Courtesy of Blue Hill Meteorological Observatory,) 
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7,200 feet (2,200 meters). This failure is doubtless due to the lack of 
continuous records either of precipitation or of snow cover at high altitudes. 
It is this very accumulation in the American Far West that has built 
up its civilization on irrigation and hydroelectric power. 

There is need of maps showing snow accumulation, preferably by 
April 1, the approximate beginning of the major runoff from snowfall 
watersheds. These maps can be based upon snow surveys that are now 
being made in most of the mountain areas as far north as southern Canada 
and Newfoundland. Maps of snow cover are preferable to those of annual 
precipitation, for, owing to the single soil priming attending the melting 
of the snow, runoff is the direct reflection of accumulated snow rather 
than of individual and scattered rains. For the same reason, the water 
tolerance of forest trees should be studied in terms of the more water- 
efficient snow cover. In any case the snow cover marks a seasonal 
hydrologic and cultural period. 

In addition to the map showing annual snowfall in North America [45] 
there are maps of snow depth for various months of the winter in Sweden, 
with snow-depth measurements in Finland, Latvia, Czechoslovakia, and 
Australia. No complete continental maps have been attempted, but .such a 
plan has been inaugurated by the International Coihmission of Snow 
and Glaciers through a committee directed by Dr. Charles F. Brooks. 
The only partial equivalent is a climatic map of E. Alt (Koppen-Geiger, 
vol. 3, p. M94), giving the days with snowfall in Europe. Isopleths up to 
70 days are shown. Records are being kept in China of the mean annual 
and maximum monthly snowfall. Great Britain and others record the 
number of days snow lies on the ground. New England, Wisconsin, and 
Washington have regional and state snow depth maps. 

Altitude of maximum snowfall 

A distinction must be maintained between the altitudes of maximum 
snowfall and maximum accumulation of snow. The latter should lie 
above the former and is associated with the alimentation zone of glaciers. 
The governing factor is again temperature. 

Other things being equal, maximum snowfall follows the isohyets of 
maximum rainfall and deviates only as continuous cold affords opportunity 
for accumulation. Thus on the western slope of the central Sierra Nevada 
the zone of maximum precipitation is at an altitude of about 4,500 to 
6,500 feet (average altitude of Grass Valley, Blue Canyon, Lake Spaulding, 
and Bowman Dam, 4,466 feet; average normal annual precipitation 
69.0 inches of water. Altitude Fordyce Dam 6,500 feet; normal annual 
precipitation 67.1 inches of water), but the altitude of maximum snow 
(iover is 8,000 feet or higher (water content of normal snow cover April 1 
at Soda Springs Station, altitude 6,752 feet, 38.9 inches; Donner Summit, 
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altitude 7,017 feet, 41.3 inches; Webber Peak, altitude 8,000 feet, 42.8 
inches). At Soda Springs Station the normal annual precipitation and 
snow cover April 1 are nearly identical (precipitation 44.93 inches, snow 
cover 38.9 inches water). However, despite similarity of altitude, the 
normal annual precipitation at Soda Springs Station is far less than at 
Fordyce Dam, the figures for altitude and water content being 6,752 feet 
(44.93 inches) and 6,500 feet (67.1 inches) respectively. This barrier 
range offers an attractive opportunity for studying the variations in 
altitude of maximum precipitation both in summer and in winter. 

On the eastern slope of the range, where the precipitation diminishes 
immediately with increase of distance to the leeward, the maximum 
precipitation, whether of snow or of rain, is at the crest. It is of course 
possible that summer convectional rains or thunderstorms may exceed 
the high-mountain storms in volume and intensity. 

The perennial snow line, as indicated by occasional residual snow 
banks and glaciers, descends from 9,500 feet in the high or southern 
Sierra to 7,500 feet in the Cascade Range. Owing to the long summer 
insolation and light precipitation in the Arctic region, the snow line there 
retreats upward, although the glaciers themselves attain sea level. The 
.snow line in Greenland is at 2,200 meters (7,200 feet), the altitude found 
far south in the Cascade Range. On the Equator, where mountains 
provide the requisite altitude, the snow line should be highest. 

In the Antarctic region the climatic snow line, except at the northern- 
most point of Graham Land, lies outside the Antarctic coast and is there- 
fore at sea level. At Laurie Island (S. 61*’), at the outer edge of the 
Antarctic area, the mean temperature of the warmest months, January 
and February (1903-34), is -1-0.1° C. Only small bare spots occur, and 
most of the sun’s rays are reflected. Local melt water where rocks 
protrude is absorbed by the snow. There is no runoff. 

Despite the meager precipitation, estimated at 0.20 inch (5 milli- 
meters) at the South Pole (altitude 3,000 meters) and 12 inches (300 
millimeters) at the border of Antarctica, the persistence of the snow line 
is' shown in East Antarctica by the buried buildings of Little America 
and Mawson’s camp at Cape Denison and the alimentation of the pack 
ice surrounding the continent. 

The equilibrium of precipitation, evaporation, and movement of the 
ice cap is a compelling problem, as is also the ultimate effect of wind — often 
foehn in character — on the distribution and wastage of snow. Is the ice 
cap now flowing from alimentation or from its previously accumulated 
mass? The annual growth of the snow cover at Cape Denison, despite 
exposure to wind, indicates the former. 

Wagner [41, p. 114] has suggested that a reason for the higher alti- 
tude of the zone of maximum snowfall than of rainfall is the lighter weight 
of the snow flakes and their lesser ability to withstand the vertical com- 
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ponent of the up-slope wind. Steinhauser [41, p. 113] has found the zone 
of maximum snowfall uniformly higher on Sonnblick Peak, in Austria, as 
observed on three available sides during a 5-year period. The altitude of 
maximum summer rainfall on the three sides was about 8,400 to 9,400 feet, 
but that of maximum winter precipitation was at the summit, at 3,080 
meters (10,102 feet). The altitude of maximum rainfall on the southern 
or windward flank of the Himalayas is given by Wagner [41, p. 115] as 
about 1,300 meters (4,260 feet), and that of accumulated snow is set by 
Gorrie [5, p. 775] at about 13,000 to 16,000 feet. 

The drifting of snow after it reaches the ground cannot be considered 
a basic element in this phenomenon, for the divergence occurs even where 
forested slopes prevent such drifting. 

Also it is difficult to segregate snow from rain. In the central Sierra 
Nevada when the winter season has been sufficiently cold the altitude of 
maximum snowfall is identical with that of maximum precipitation. 
Unfortunately snow cover represents the residue and not the total precipi- 
tation and therefore fails as a dependable criterion in the transitional zone. 

Region of greatest snowfall 

Owing to the lack of sufficient measurements at points of possible 
maximum snowfall, it is difficult to bring other areas, such as the Himala- 
yas, into comparison with the United States. The estimate by Professor 
Heske, director of the Forest School at Tharandt, Germany, of a depth of 
30 meters in the higher Himalayas is regarded as “fantastic.” According 
to Dr. R. MacLaglan Gorrie [5, p. 775], of the Forest Research Division 
of the Punjab, “the actual average depth of snow accumulated at the end 
of the snowfall season is about 3 meters at 3,000 meters and certainly not 
more than 5 meters at 4,000-|- to 5,000 meters, about 13,000 to 16,000 
feet, above which precipitation does not increase perceptibly with increase 
in height.” 

However, this reasonable depth of 16 feet is still impressive and com- 
pares closely with the average depth of snow of 184 inches (15.3 feet) at 
Paradise Inn (altitude 5,550 feet), on the flank of Mount Rainier, Wash- 
ington, regarded as probably the point of greatest snowfall in North 
America, unless perchance heavier snowfall may result in the mountains 
of Alaska opposite the coast center of rainfall of about 160 inches. 

Lassen Peak, California, at Lake Helen (altitude 8,400 feet), had a 
snow depth of 233.2 inches (19.4 feet) in 1940, but this represents only 
the face of the mountain that is exposed to the direct impact of the mois- 
ture-laden southwest wind. The normal precipitation at Mount Rainier 
for the winter season of November to March is 64.28 inches, as compared 
with a normal snow cover at Lassen Peak having a water content of at 
least 92.2 inches. However, at the density of 47.6 percent found on Lassen 
Peak the normal water content on Mount Rainier should be 87.6 inches, 
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an amount considerably in excess of the measured precipitation. Further- 
more, the snow depth should increase with the altitude. Fortunately, 
snow sampling conducted by WiUiam Pruitt, Jr., during the winter of 
1940-41 has revealed a depth of snow of 141 inches on Mount Rainier at 
Edith Creek Basin (altitude 5,000 feet) as compared with a depth of 71 
inches on Lassen Peak at Paradise Inn. The density of the snow at both 
places was between 49 and 50 percent, indicating water contents of about 
62 and 35.5 inches, respectively. Unfortunately, however, the seasonal 
snow cover was only 38.6 percent of normal on Mount Rainier as compared 
with 134 percent on Lassen Peak. If the measurements on both moun- 
tains are reduced to normal, the water content of the snow cover is 100 
inches on Lassen Peak and 161 inches on Mount Rainier. Mr. Pruitt 
reports that there is little likelihood of deeper snow on Mount Rainier. 
Because Edith Creek Basin is at timber line it would be difficult to find 
places at higher altitudes where the measurements would not be greatly 
distorted by drifting. The honor of greatest depth definitely seems to 
have passed from Blue Lakes and Donner Pass.^ 

The probability of finding a region of maximum snowfall north of 
Mount Rainier is rendered doubtful by the fact that the season of maxi- 
mum precipitation in Alaska is a month later than in Washington State 
and 3 months later than in the central Sierra Nevada, where maximum 
precipitation occurs in midwinter, thus reducing the proportion of annual 
precipitation that falls in the form of snow. The nearest known com- 
petitor to Mount Lassen and Mount Rainier is the Jumbo mine, on Prince 
of Wales Island. 

The following table gives the available basic data; 


Relation of snowfall to total 'precipitation 


Station 

j 

i 

Altitude 

(feet) 

Water ^ 
content 
of annual 
precipi- 
tation 
(inches) 

Period of 
maximum 
precipi- 
tation 

I 

Water 
content 
of ac- 
cumu- 
lated 
snowfall 
on basis 
of 1:10 
(inches) 

Propor- 
tion of 
snow to 
total 
precipi- 
tation 

Blue Lakes, Central Sierra, Calif 

8,000 

50.63 

Dec .“Mar. 

45.91 

0,91 

Mount Rainier, Washington State 

5,550 

99.23 

Oct.“Jan. 

59.13 

.60 

Ketchikan, Southern Alaska 

Sea level 

157.67 

Sept.-Dee. 

4.62 

.03 

Jumbo mine (near Ketchikan) 

1,500 

195 

Sept.-Dee. 

45 

.23 

Fort Liscum (Prince William Sound) . . . 

30 

73.12 

Sept.-Dee. 

36.88 

.50 


^ Blue Lakes (altitude 8,000 feet), 40.8 inches of water; LakeLucile (8,400 feet), 61,9 inches; 
Donner Pass (7,017 feet), 41.3 inches; Webber Peak (8,000 feet), 42.8 inches; Lassen Peak 
(8,400 feet), 92.2 inches; Crater Lake (6,018 feet), 46.73 inches; Mount Eainier (5,550 feet), 
64.28 inches. The figures for all but Crater Lake and Mount Rainier represent snow cover. 
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Unfortunately this comparison is based on accumulated snowfall 
rather than on residual snow cover at the end of the season of accumulation. 

The final decision must depend upon high-level snow surveys on 
Mount Rainier and the mountains, such as Mount Fairweather, of the 
southern Alaskan area. 

A striking fact is the very small snowfall at the South Pole, where 
latitude and altitude offer minimum temperature and the air currents 
have lost most of their force. As already mentioned, the total annual 
precipitation is estimated at only 0.20 inch, with evaporation probably 
correspondingly small. This might aptly be called “the land of cirrus 
deposit.” A year’s sojourn would provide fruitful solitude. 

DENSITY OF SNOW COVER 

The most obvious characteristic of the snow cover is its variation in 
density, which stems directly from the varying density of the snowflakes 
that form it. These may be almost impalpable, like the vaporous moon- 
beams of the polar regions, or heavy as hail or rime. The lightest snow 
ever recorded on the ground at the time of fall is 0.4 of 1 percent (0.004) 
water content, in Sodankyla, Finland, during the winter of 1917-18. 
A fall of 0.5 percent water content was recorded at Charles City, Iowa, 
during the winter of 1904-05. Rime, though filled with air cells, has the 
power to accumulate on a e-inch guy rod in sufficient diameter to tear 
out the eyes of the sections and break the T couplings of the one-inch 
tubular supports through the resulting unbalancing of strains (See Fig. 
IV-15.). The weight of a linear foot of the accumulation was 13 pounds. 
However, it is difficult to determine with precision the density of either 
fluffy snow or feathery rime, because of the irregularity of the surface. 
[5, pp. 571-585. See also Am. Meteorol. Soc. Bull., vol. 20, pp. 53-54, 
225, 1939.] 

The relation of snow density to altitude should be primarily its rela- 
tion to cold and wind. The simpler crystals, whether columns or plates, are 
formed where the air is cold and therefore at high altitudes, whereas the 
complex star-shaped crystals are formed in relative warmth. Furthermore, 
because of difference in absolute humidity in the two zones, the columns 
and plates are sparse and the stars dense. On the other hand, because 
of simplicity of form the columns and plates will pack together* under 
movement more readily than the stars, thus simulating water-laid sand. 

Paradoxically, the cold-born snow, though initially lighter, soon 
becomes denser than the warm-born snow and quickly approaches maxi- 
mum density. The transition was noticed during the winter observations 
on the inland ice of Greenland. The measurements were made by Helge 
Bangsted (unpublished report). In no case did the depth of “new-born” 
snow exceed 1.4 inches, so small was the quantity. Therefore gravity had 
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little or no part in the increase in density. The temperature ranged from 
— 17.2° to —15.0° C. (+0.4 to +5.0° F.). The air was still. The snow 
density at the two temperature extremes was 3.6 percent, or about one- 
third of the formular density of 10 percent. During the night at a tem- 
perature of —18.1° C. ( — 1.0° F.) but during wind the density increased 
to 11.5 percent (average of four measurements), but where the snow was 
less exposed to the wind the density increased to only 5.6 percent. 

New snow after apparently only a day or a night of drifting attained 
an average density of 17.6 percent. Later in the same period snow only 
2.9 inches in average depth attained a density of 24.3 percent. The 
density of old snow (depth 5.8 inches) was found to be as high as 28.0 
percent. Drift snow (depth 7.2 inches) after sufficient movement to cover 
the sled had a density of 35.4 percent. 

Unfortunately identical records are not available for mountain peaks, 
but the following comparison several days after a storm indicates that 
density at high altitudes is due mainly to wind. 


Density of snow at high altitudes 


Cornice on Mount Rose, Nevada (10,800 feet), 
exposed 

San Francisco Peaks, spruce forest, Flagstaff, 
Ariz. (10,000 ft.), sheltered 

i 

Date, 1911 

Depth of 
snow 
(inches) 

Density 

(percent) 

Date, 1917 

Depth of 
snow 
(inches) 

Density 

(percent) 

Feb 2 

115.5 

44.2“ 

Mar. 7 

24.0 

16.3 

May 2 

100.6 

49.7 

May 1 

44.0 

29.8 

Jnuft 8—9 

71.8 

47.7 

May 30 . 

39.0 

34.9 

Maximum increase 


5.5 

Maximum increase . . . . 


1 18.6 


« 7 days after storm. 


Soft snow was found by Whymper at 20,000 feet, in the Andes. He 
wrote, “Louis Carrel could not touch bottom with a twelve-foot pole that 
he was carrying. It would have continued to descend by its own weight 
if he had left hold of it. . . . as the slope steepened the snow became firmer 
again.” ^ FitzGerald encountered at 18,700 feet on Aconcagua, Chile, in 
the Andes, “high clouds of driven snow, fine as sand, which nearly suf- 
focated them,” and “fell into a huge drift of soft snow.”^ The mini- 
mum temperature was —28° C. ( — 18.4° F.). Of the Himalayas, Odell 
writes, “Our soft snow on Nanda Devi up to 25,000 feet was in a 
more or less sheltered reentrant of the mountain, while the exposed 
summit calotte (25,645 feet) had on the whole a harder compacted surface, 
although not uniformly so. The more sheltered parts of the flanks of 

^ Travels Amongst the Great Andes of the Equator by Edward Whymper, pp. 68, 71 
(ascent of Mount Chimborazo, Ecuador). 

^ The Highest Andes by E. A. FitzGerald, pp. 89, 92, 114. 
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Everest’s north face are of soft floury snow, and there is on the whole only 
restricted windslab on the more salient portions.”^ 

However, wind-blown snow quickly acquires a high density, which 
is only slightly increased during the season. The firmness of this snow 
under foot usually makes mountain ascents easier in winter than in 
summer. 


MEASUREMENT OF SNOW 

Because of its unstable character and various phases, snow is 
extremely difficult to measure by any method and requires several. In 
this respect it differs from rain, which is both relatively heavy and inelas- 
tic. Rain also disappears quickly except when stored. The depth and 
duration of snow are the simplest standards for measuring it. Its water 
content is another, and its surface and structure constitute still others. 

Snow depth on the ground, if measured 10 days after a storm or long 
enough to allow the snow to settle, is satisfactory as an approximate 
method. It is visual and vivid also. However, because of drifting, a 
series of measurements .should be employed rather than the record of a 
single or isolated snow stake. Snow courses are preferable even to several 
stakes or measurements at random. On the basis of 10,000 individual 
measurements under various conditions, sufficient uniformity has been 
discovered to prepare a table of water content based on altitude, depth, 
and season. 

Accumulated depth of snowfall is an attempt to measure the total 
seasonal precipitation by adding up the depth of snowfall as it occurs day 
by day or storm by storm. To make it comparable to rainfall for purposes 
of statistics, 10 inches of snowfall is rated as equivalent to 1 inch of rain. 
However, the average ratio for four winter seasons (January to March) 
at Tahoe City, Calif, (altitude 6,230 feet), has ranged from 1:5.23 to 
1 : 10.32. As representative of depth of snow on the ground the accumu- 
lated depth is utterly confusing, because of the rapid shrinkage in depth 
of newly fallen snow and the apparently fantastic total. A classic example 
is successful snow removal at Crater Lake, Oregon, with a reported official 
snowfall record of 59 feet 1 1 inches. On the basis of 45 percent probable 
density the depth of the snow cover removed was 16 feet. 

Precipitation-gage measurements are gradually increasing in accu- 
racy. The tendency of snow flakes to ride buoyantly on wind currents 
created by the gage itself makes them very elusive as compared with the 
heavier raindrops. On the summit of Mount Rose (altitude 10,800 feet), 
where strong up drafts occur, it would have been necessary to turn the 
gage upside down to get the snow to enter. (See Fig. IV-15.) 

1 Unpublished correspondence, International Commission of Snow, Washington Meeting, 
1039 . 
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Shielded gages have now been developed by J . Cecil Alter (Fig. IV-4) 
which neutralize the air currents and clear themselves of accumulating 
snow. These gages give results comparable to those of snow surveys in 
the vicinity. A network of mountain snowfall stations equipped with 
these gages is now being spread by the United States Weather Bureau 
over the Western States. The average altitude of the 92 stations erected 

is 7,643 feet. Five stations are 
above 10,000 feet. The immediate 
program comprises 6,000 nonre- 
cording and 2,500 recording pre- 
cipitation stations. ' ‘ The purpose 
is to provide data of rainfall and 
snowfall for all purposes involved 
in the control and utilization of 
water.” The catch of all gages is 
determined by weight, and evapo- 
ration is restrained by the use of a 
film of oil. 

Recording gages are superior 
in indicating the date and rate of 
accumulation and loss by evapora- 
tion or otherwise. The Fergusson 
and Stevens gages represent the 
present development in the United 
States of recorders for rain and 
snow combined. Further tests of 
these instruments under severe 
snow conditions seem desirable. A 
Fergusson gage with an Alter screen 
is shown in Fig. IV-4. Figure 
IV-5 shows the Fergusson weigh- 
ing recording rain and snow gage. 
The Mougin totalizator (Fig. I V-6) , now in general use in the Alps, was 
developed to catch the total winter precipitation, or even the total annual 
precipitation, in places inaccessible for long periods of time. The catch is 
determined by the dilution of the chemical contents placed in the reservoir 
at the beginning of the period to melt the snow as it enters. Because of 
the location of these instruments in rough country, a check of their accu- 
racy, as by snow surveying, is difficult. Such a check is very desirable 
because of the presence of heavy wind currents. 

There are several devices for neutralizing air currents at the orifice of 
a precipitation gage. The original Nipher screen has passed through 
many variations, although the principle remains unchanged. This type 



Fig. IV~4. — Alter screen for protecting orifice 
of rain and snow gages, shown with a Fergusson 
gage. {Courtesy of United States Weather Bureau.) 




AND BNOW SlfRVEYING; ICE 


97 



is now undergoing a supreme test in Antarctica, where a gage developed 
on Mount Washington under the supervision of Dr* C. F, Brooks has been 
taken in an attempt to measure precipitation under wild conditions of 
wind. Spindrift must be eliminated by raising the gage on a tower, if pos- 
sible, above the zone of drifting snow, 50 to perhaps 100 feet.^ 


Snow sampling supplements and extends the measurement of snowfall 
by gages. By its means both depth and water content of snowfall or 
snow cover can be determined wherever desired. By the use of snow 
courses, distortion in measurements due to wind can be avoided. The 
variation in snowfall can be determined in areas where gages would not be 
feasible because of situation or number required. Furthermore, the 
evolution of the snow cover can be traced, and its residue, upon which the 
snow runoff is chiefly based, can be determined. 

^ H. G. Dorsey, Jr-, Meteorologist at the East Base, Antarctica, has since reported that his 
station was so situated as to favor unusually low wind velocities during precipitation and that 
the gage was elevated above all drift. Owing to scarcity of precipitation gages, no comparison 
of the catch’ in shielded and unshielded gages was made. (Am. Geophys. Union Trans., 1941.) 


Fig. IV-5. — Fergusson weighing recording rain and snow gage. 

Inc.) 


(Courtesy of Julian P. Friez & Sons, 
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The snow sampler is built on the principle of cutting cores from the 



Fig. IV-6. — Mougin totalizator. It contains 
saline solution to melt the snow immediately upon 
entry into the can. It also has a Nipher screen to 
break the wind currents at the orifice. Summit 
of the Diablerets, Alpes Vaudoises, Switzerland^ 
1915, {Courtesy of P.-L. Mercanton.) 


snow and determining their water 
content by weighing. Thus an 
inelastic standard for comparison 
with rain is established. The snow 
depth is measured by the sampler 
tube. The density of the snow is 
computed from the relation of 
water content to depth and varies 
throughout the season. 

Practically all types of snow 
samplers are based on the Mount 
Rose snow sampler (fig. IV-7), 
developed by the Nevada Agricul- 
tural Experiment Station in the 
winter of 1908-9 for studies of the 
relation of forests and mountains 
to the conservation of snow. Its 
chief feature is a tube of usable size 
containing a special cutter and 
vertical slots through which to 
determine the length of the core 
and reach the interior of the instru- 


ment, if necessary. Sections can be added to any feasible length. Snow to 



Fig. IV-7. — Mount Rose snow sampler, showing cutter and couplings. The stamped gradua- 
tions and numbers should be filled with pigment to make them more visible in dim light. The slots 
are used for observing the rise of the core within the tube and also for dislodging snow if it adheres. 
The sampler can be lengthened to 20 or 30 feet by the addition of extra sections. The slots are 
staggered in each section so that the rise of the snow can be seen at every point in the tube, except 
at the couplings. 

depths of more than 20 feet has been measured, and the equipment is being 
developed for depths of 30 feet or more. The cutter contains a shoulder to 
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lift the core when the sampler is raised from the snow. The core after 
being weighed is discharged by inverting the tube. 

A spring balance, adjustable to zero to eliminate the weight of the 
sampler, directly indicates the net weight of the core in inches of water — 
that is the amount of water in the snow at the point of sampling. A 
driving wrench is employed where the density or depth of the snow 
requires. A coat of shellac or paraffin reduces the sticking of snow to the 
tube. 



Fig. IV-8. — (a) Refuge hut in the Cascade Range, Ore., with “Santa Claus’' entrance tower, 
(fe) Winter view, showing the usual depth of the snow. {Courtesy of R. A. Work, Div. of Irrigation, 
United States Soil Conservation Service.) 


Three changes have been made in this sampler by the Utah Agricul- 
tural Experiment Station to reduce cost and weight. A tubular spring 
balance has been substituted for the adjustable dial balance, and the 
diameter of the cutter has been decreased slightly so that ounces are 
equivalent to inches of water. However, this balance lacks the extremes 
in capacity and also the adjustability that the original possesses. Duralu- 
min has been substituted for steel, with , a diminution of 60 percent in 
weight. This metal is more rigid than steel but bends and tears more 
readily. Its durabihty is still under test. It is also a rapid conductor of 
heat and cold and therefore promotes the melting and subsequent freezing 
of snow to the surface. A coating such as shellac checks this tendency 
somewhat. Can a material of low wetting or conduction coefficient be 
found as a coating or even as a substitute? 

Tubes 2.65 inches in diameter are used in the Eastern States and. other 
regions where the snow is coarse but shallow, in order to obtain more 
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nearly complete cores by increasing the size of the orifice. In 'Hapioca 
snow” the Kadel sampler is sometimes employed. This consists of a tube 
5.94 inches in diameter to confine the snow column from spreading and a 
snow auger to close the lower end of the tube while the tube is being drawn 
to the surface. The larger diameters are feasible only where the snow is 
shallow, for only man power is available to do the driving. 

A typical shelter used in snow surveying is shown in Figure IV-8. 

SNOW SURVEYING AND FORECASTING STREAM FLOW 

Two systems of snow surveying have been developed — the percentage 
system and the quantitative system. The percentage system was devel- 
oped in Nevada and is also known as the Nevada system. Its purpose is 
to determine at the end of the winter season the relative water content of 
the snow cover in- entire basins and to apply this percentage as a forecast 
of the ensuing stream flow that is due mainly to the melting of the snow. 
This runoff, known as major flow, lasts about four months (April through 

Jul„v)- 

The quantitative system determines the cubical water content of the 
snow cover over the basin and forecasts what residue from it will appear as 
runoff. 

Both systems must be distinguished from the precipitation system, 
which records the total annual precipitation for the water year, October 
to September, and seeks from it an index of runoff. The percentage and 
quantitative systems deal with snow residue in its most effective form foi 
producing maximum runoff; the precipitation system deals with total 
precipitation, which may include a portion of ineffective rain. The total 
accumulated precipitation, unless carefully analyzed and weighted, must 
therefore fail to attain the precision of the others as a method of forecast. 
However, it serves as a background in determining soil wetting and con- 
current runoff. 


Pbecentage system 

The Percentage System came into being through the obvious impossi- 
bility of determining the quantitative water content of the snow on the 
rugged and high watersheds of the West, where the snow cover attains 
maximum depth. 


Snow courses 

The use of snow courses as a tool originated in the running of straight- 
line courses through typical areas of mountain slopes and forests to deter- 
mine the effect of each upon the gathering and dissipation of snow. The 
snow sampler became an essential adjunct to reduce all types of snow to 
the common standard of water content. The seasonal harmony of the 
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snow-course averages throughout a watershed led to the conclusion that 
two or three key courses in a basin, if averaged, would indicate usually 
within 10 percent of normal the ensuing runoff from it. 

The first forecast of snow resources, issued on Mount Rose in the 
spring of 1910-11, was the result of averaging snow courses laid out for 
the study of the relation of mountains and forests to the conservation of 
snow and read as follows: “On Mount Rose the amount of moisture in the 
form of snow available for irrigation the present season was 44.4 inches, 
or almost double the amount (23.5 inches) available last season. Further- 
more, on account of the lateness of the spring, 38.3 inches of moisture were 
available a year ago.” Thus it was indicated that the snow cover of 
1910-11 should furnish 189.4 percent of that provided by the cover of 
1909-10, and it was only necessary to apply this percentage to the meas- 
ured stream flow in the basin in 1909-10 to determine the acre-feet of 
water to be expected in 1910-11. Normals or averages for both .snow 
courses and runoff would yield even closer forecasts. 

The length and shape of courses should be such as to neutralize the 
irregularities due to drifting of the snow. A cross course will detect and 
neutralize drifting caused by change in seasonal wind direction. The 
indispensable condition is unvarying identity in the position of the indi- 
vidual points of sampling. Therefore, points of sight and exact distance 
between measurements are rigidly maintained. Standard maps, descrip- 
tions, and markers are now provided. 

The only areas still unfavorable for snow courses are gentle treeless 
slopes where the sweep of the wind is unhindered. Such are the deserts, 
the polar areas, and the highland of Sweden. Aspen or birch trees if 
sufficiently high to remain unburied, are ideal deadeners of wind and 
anchors for snow. Courses of unusual length might provide an accurate 
cross section of wind-blown snow. 

WiDE-AEEA FORECASTING 

The application of seasonal percentage in one basin to adjacent 
basins, even on opposite sides of the range, was made possible by the fact 
that the snow cover is the result of general storms of wide uniformity as 
compared with convectional summer rains, upon the diversity of which 
the belief in the diversity of all precipitation, even over small basins, had 
previously been based. 

Fortunately the long range of the Sierra Nevada, lying at right angles 
to the prevailing storm track, provided ideal conditions for observing this 
uniformity and determining its limits. It was found by snow surveys that 
the maximum divergence between individual basins along the central 
Sierra Nevada did not exceed 25 percent in terms of the normal, even for 
distances of approximately 100 miles. In the series including the South 



Maximum variation in runoff in individual basins of Ihe Sierra Nevada, Avril-Jul 
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“ Probably due to diversions above point of gaging. 
^ Divergence between adjoining streams. 

« Extreme ends of area. 
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Yuba, Tahoe, Carson, and Walker Basins the maximum divergence for 
the 7 years 1916-22, in percent, was as follows: 

1915-16 1916-17 1917-18 1918-19 1919-20 1920-21 1921-22 

9.8 5.1 11,0 12.8 13 0 14 0 24 7 

In the succeeding years it has been even less. 

In the absence of other snow-survey courses, a comparison of the 
runoff during the period April to July (representing the probable effect of 
the snow cover) was immediately made for all basins along the range, with 
the result that for purposes of forecasting the region was divided into three 
areas with uniformity of conditions similar to that in the central Sierra, 
except where the topography is erratic (Table page 102). 

The upper Sacramento and McCloud Basins are possibly erratic 
because of their source on the flanks of Mount Shasta. The Kern Basin, 
being situated in the semidesert area at the south end of the Sierra Nevada, 
has a tendency to show flash records despite its source in the highest part 
of the range; and must therefore be treated as a separate unit. The 
foothill streams, fed only to a minor extent by snow, have been omitted 
from the table. The primary peak of their flow occurs in midwinter, and 
only occasionally does their April to July runoff correspond closely with 
that of the crest streams. 

The variation between the runoff of adjacent streams on opposite 
slopes of the Sierra Nevada indicates a close correspondence in their 
seasonal percentage of snow cover, although the quantities are necessarily 
different because of the greater snowfall on the windward side of the range. 
However, occasional aberrations are apparent. The table on page 104 
presents details. 

Within the individual areas the variation between opposite slopes 
occurs by years rather than by basins. During the years .of comparison 
only two seasons showed excessive variation. In the central Sierra area 
in 1913-14 the snowfall on the eastern or lee slope was far more intense 
than that on the western slope; in 1914-15 the reverse was true. 

The evidence of snow surveys now established in all the Sierra Nevada 
basins corroborates the foregoing exploratory comparison. Furthermore, 
the following variations for 1939 indicate the harmony that can occur over 
the entire length of 500 miles: North area, 2 percent; central area, 25 per- 
cent; southern area, 15 percent; the three areas combined, 25 percent. 
The Yuba is the discordant basin; without it, the maximum variation 
would be only 17 percent. 

Courses along the crest with outpost courses for each slope provide 
the basic data for detecting oscillation in the seasonal snow cover and thus 
afford abundant opportunity to arrange for routing electric power from 
the more favored to the less favored areas served. This interlocking 



Maximum variation between runoff of streams on opposite slopes of the Sierra Nevada but having a common crest, 1909-20 
^ [Percentage of normal] 
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system has long reached even across the 
range. In pooling water supplies and power 
for southern California, the Continental 
Divide is closely linked with the Sierra 
Nevada through the Boulder Dam and the 
Metropolitan water system from the Parker 
Dam, on the Colorado. 

Snow surveys at key stations during the 
winter will keep the public in sympathetic 
touch with the seasonal growth of the snow 
cover and forestall wild estimates. For this 
purpose the surveys should preferably be 
made the first of each month and the report 
given in percentage of normal to date and 
normal for the entire season of accumulation, 
which ends usually April 1 or later at high 
altitudes and latitudes. 

Altitude zoning 

Occasionally premature melting of the 
snow cover at the lower altitudes disturbs 
the balance upon which the accuracy of the 
survey depends and causes the apparent 
snow cover to exceed the runoff. To avoid 
this possibility each basin was divided into 
zones of 1,000 feet or more in altitude from 
the stream-gaging station to the crest, and 
the area of each zone was computed from 
topographic maps if available. One or more 
snow-survey courses were maintained in 
each zone, and the seasonal percentage of 
each group was weighted according to the 
relative area of its zone as compared with 
the others. 

The application of the zoning system 
in the Tahoe Basin will illustrate the pro- 
cedure. This basin rises from an altitude 
of 6,225 to 10,900 feet at its highest point. 
It was divided naturally into four zones, 
two representing oscillation in intensity of 
precipitation from the crest of the basin east- 
ward and two representing zones of prema- 



SNOW AJSIV SJ\UW SURVEYING; ICE 


105 


ture melting. The altitude of horizontal division was placed at 7,000 feet. 
The resulting areas, in square miles, were as follows : 


— 1 

East side 

West side 

Total 

Above 7j000 feet 

89.3 

87.3 

176 6 

Below 7,000 feet 

47.5 

^ 82.8 

' 130 3 


136.8 

170.1 

306 9 


In 1931 the snow-survey results April 1, in percent of normal, were 
as follows: 



East side 

West side 

Total 

Above 7,000 feet 

39.3 

42.0 

40.7 

Below 7,000 feet 

34 0 

18 4 

26.2 

Average 

36.7 

30.2 

33.5 


The average of the high-level percentages is 40.7 ; of the high and low 
combined, 33.5; and the weighted percentage of the four zones is 33.6. 
The rise of Lake Tahoe from April 1 to the maximum was 30.3 percent, or 
10 percent below the percentage of snow at the crest. The loss had 
occurred in the lower zones, particularly on the west side. Quantitatively, 
a large divergence normally exists between the four zones because of the 
diminishing of the precipitation from west to east and from the crest 
downward — a phenomenon native to the lee side of mountains. This is 
eliminated by the use of percentage of normal. 

Normals 

By comparing a snow survey with that of a previous season whose 
runoff has been measured, it is possible at once to forecast in terms of the 
former season, providing its resultant runoff occurred under approxi- 
mately normal conditions of precipitation during the runoff period. Or a 
system of parallel normals either of snow cover or of runoff can be built 
up from an adjoining area where longer measurements of snow cover or 
streams have been made. The two should be interchangeable, but the 
comparison should be limited to the same period of time. 

A weighted normal can be produced by adapting it to a longer adja- 
cent series. Thus the normal water content of the snow cover at Donner 
Summit has been weighted at 47.8 inches for use in forecasting the runoff 
of the Truckee River to the east and at 41.3 inches for forecasting the 
runoff of the Yuba River to the west. The lesser weight for the Yuba 
was made possible by the longer record of stream flow of that river, which 
covered a leaner period of years. 
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The fact that snow cover and stream flow have occasionally reached 
more than 200 percent of normal and never can fall below 0 is leading 
toward the adoption of medians in place of averages or normals. In 
flashy streams like the Kern, where within 10 years seasonal variations 
from 52.6 to 390.3 percent occurred, with two years reaching 174.1 and 
170.3 percent, it became necessary for purposes of adapting forecasts to 
needs for irrigation to eliminate the abnormal seasons from the practical 
normal, at least until the series absorbed the flood peaks. Therefore it is 
sometimes best to recompute normals only after periods of drought and 
excess have somewhat counterbalanced each other. 

Some engineers have suggested that normals be confined to 10-year 
periods, so that the forecasts will conform to man’s present impressions 
of the usual or current water supply. In the Humboldt Basin, Nevada, 
water users have requested that the normal March- July runoff of the river 
be retained at 255,000 acre-feet, which represents the amount necessary 
to satisfy or give a 100 percent water supply to the irrigated lands of the 
basin. 

However, in actuality all forecasts are reduced to total acre-feet, or 
under special conditions to latest date at which flow is available. On 
this basis the water master apportions the water according to the terms 
of allocation, which are often complex. 

Factors affecting forecasts 

That the snow cover is basic in forecasting is indicated by the accom- 
panying graph (Fig. IV-9), showing the general harmony between the 
seasonal percentage of the snow cover at even a single station at the crest 
of the Truckee River Basin, Nevada, and the April-July runoff of the 
stream. The divergencies are caused by other factors mentioned below. 
Views of the Lake Tahoe and Truckee River Basins are shown in Figure 
IV-10. 

Therefore, the basic formula in forecasting by the percentage system 
is “the seasonal percentage of the accumulated snow cover represents the 
percentage of the major seasonal runoff from it. Since the runoff can be 
measured with fair precision the percentage can be translated immediately 
into total acre-feet of flow. This major runoff usually covers 4 months, 
April to July, but in extreme cases may cover March to June or May to 
August.” 

The factors affecting the forecasts — that is, causing shrinkage or 
expansion in the expected flow — are still under investigation. Those that 
can be estimated at the time of the snow survey are (a) priming of the 
soil, (5) the influence of stream channel, and (c) the effect of diversions 
above gaging stations. The unpredictable factors, in the order of impor- 
tance, are (a) precipitation during the period of major runoff, (6) tern- 
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perature, (c) wind, and (d) evaporation. As these factors are absorbed 
or negligible when conditions are nomaal — that is, 100 percent in the per- 
centage system of forecasting — only the variations need be considered, 
and these are relatively small. 

Priming of the soil . — The factor of soil priming naturally depends on 
the amount of saturation locally required to produce runoff. In the semi- 
arid, mountainous West the amount of moisture required to prime the soil 
at the beginning of the runoff season is practically fixed irrespective of 
previous precipitation or temperature. Indeed, the effect of the heaviest 



Fig. I V-9.— “Comparison of the April-July runoff of the Truckee River, Calif. -Nev. (exclusive of 
Lake Tahoe), with water content of the snow cover determined from measurements at a single station. 
Normal runoff is average for 24-year period ending in 1927. Normal water content of snow cover 
is based on comparison with runoff for corresponding years. (Data from Nevada Cooperative Snow 
Surveys, after H. P. Boardman.) 

snow cover in the central Sierra Nevada, which is cumulative far in excess 
of the effect of rain, does not persist beyond October, or 4 months after its 
peak flow. This is due to the steep mountain slopes and a surface material 
sufficiently porous to permit rapid runoff. Even the heavier autumn 
rains are drained off before the winter has arrived. Moreover, the freez- 
ing of the surface soil, so effective on priming in the East, is entirely lacking 
except for small meadow areas, for the surface has been drained dry before 
the freezing temperatures of winter occur. 

In the Pacific Northwest, however, where the autumn rains are more 
abundant and the soil remains moist into the winter, the relative moisture 
of the soil at the beginning of the spring runoff becomes a vital factor, as 
it is in the far East, where the precipitation is distributed more evenly 
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throughout the year arid frost occurs before snowfall or where the snow 
cover is relatively shallow. 

Where the variants of soil moisture and frost are eliminated, as in the 
Sierra Nevada, the factor of soil priming becomes a simple ratio between 
the water content of the snow cover and the moisture capacity of the 
underlying soil. As the soil here is shallow and the underlying rock is 
impervious, the total loss in priming the soil does not exceed an estimated 
8.25 inches, a low amount compared with the normal snow cover of 40 to 
60 inches water content. For the entire South Yuba Basin the loss has 
been computed at one-third of the winter precipitation of 45 inches, 
measured at the center of the basin, at Fordyce Dam. 

Although this factor is theoretically potent, actually it has been 
detected only in the South Yuba Basin, where small area and a zoning 
system have made close measurements possible. Here a correction factor 
of 3 percent in the runoff has been found apphcable for a 60 percent 
diminution of the normal snow cover (water content 44.12 inches). 

Strangely, in the Great Basin and the Wasatch Basin, where the snow 
cover is approximately one-fourth and one-half respectively of that in the 
South Yuba Basin, no trace of the soil-priming factor has been found. 
Here the factor may be eclipsed by depth and porosity of the soil. 

Dams . — The relative effect of obstructions, such as tight dams in the 
streams, and of floods depends upon the height of the water in the channel 
and the amount of overflow onto lands from which the water cannot return. 

Diversions . — The effect of diversions above points of gaging is similar 
to that of subnormal snow and can be readily computed if the diversions 
represent fixed withdrawals irrespective of seasonal flow. Dried-out 
meadows can produce a similar but irregular effect because of irregularity 
in soil moisture. 

The solution of these problems is essential to forecasting both seasonal 
runoff and floods. 


Unpredictable factors 

Precipitation during runoff period . — The chief distorting factor, which 
unfortunately is unpredictable, is the divergence from normal of precipi- 
tation during the runoff period, for normal precipitation during runoff is 
essential in keeping the snow fields up to the percentage set by the snow 
survey. Theoretically, if precipitation is entirely lacking, the runoff will 
fall below the forecast to an amount depending upon the ratio of the nor- 

Fig. IV-10. — Views of Lake Tahoe and Truckee River Basins, where snow surveying was devel- 
oped. (a) Lake Tahoe from altitude of 9,000 feet, showing State Line Point and snow-survey 
stations in the northwest quadrant of the basin. The lake never freezes, thus affording a coast line 
72 miles long that is accessible to a cabin cruiser for a variety of snow studies. (6) Upper Truckee 
Basin from Mount Rose (altitude 10,800 feet). Donner Lake is in the middle distance. Unlike Lake 
Tahoe, Donner Lake nearly always freezes, and here appears like a meadow. Donner Pass (Summit) 
is immediately above Snow courses at Summit and the gaging station at Iceland are indicated. 
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mal precipitation during runoff to the water content of the normal snow 
cover. The ratio is smallest in the Sierra Nevada and gradually increases 
eastward to the Continental Divide, where the summer rains nearly equal 
the winter precipitation representing the snow fields. East of the Conti- 
nental Divide the precipitation during runoff is in the ascendancy. 

Practically, however, the snow cover is far more effective, for the 
percolation from the snow cover is practically continuous and thus 
simulates a continuous downpour of rain, whereas the precipitation during 
the runoff season often falls upon dry soil and, like intermittent rain, is 
wasted in priming the soil.^ 

For this reason the April and May precipitation is far more effective 
than that of June and July, for the snow cover should at that time be 
continuous and extend farther down the slopes, thus catching the rain 
without loss. Furthermore, west of the Continental Divide the precipita- 
tion during April and May is normally far heavier than during June and 
July and thus permits an early estimate of possible deficiency in precipita- 
tion during runoff and close revision of the original forecast. 

The ratio of summer (April-July) to winter (November-March) 
precipitation in the Western States and Provinces and the estimated loss 
in runoff due to 100 percent deficiency in summer precipitation are shown 
in the following table: 


Winter and summer 'precipitation in Western States and Provinces 


Region 

Precipitation 

(inches) 

Ratio of 
summer to 
winter pre- 
cipitation 
(percent) 

Estimated percent 
of runoff for 100 
percent deficiency 


Winter 

Summer 

in summer precipi- 
tation 

Sierra Nevada: Colfax, 1870-1923 

37.52 j 

6.89 

18.2 

16.2 

Humboldt Basin: 6 stations, 1918-30. . . 

^ 6.31 

3.83 

60.7 

' 22.7 

Logan Basin : 5 stations 

Continental Divide: Durango, Tellu- 

7.06 

6.72 

95.2 

j 35.6 

ride, and Leadville, Colo 

East of Continental Divide: 

7.78 

6.67 

85.7 

30“ 

Denver, Colo 

3.22 

7.67 

238.2 

75-90 

Calgary, Alberta 

2.99 

8.52 

284.9 

75-90' 


® Approximate. 


Water surfaces are far more responsive to direct precipitation and 
evaporation than land surfaces. In large lakes such as Tahoe, where the 
water area bears a ratio of 2 : 3 to the land area of the basin, the shrinkage 

1 A difference in effectiveness between continuous and intermittent rains of about 30 per- 
cent has been found in Hawaii (Rice, R. C., Relation between rainfall and runoff in Hillebrand 
Glen, Nuuanu Valley, Oahu, Hawaii: Monthly Weather Rev., vol. 45, pp. 173“181, 1917)* A 
similar divergence has been found by the author in sand-box studies. 
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in expected rise is double that in rivers. These estimates are subject to 
still further increase owing to increased evaporation attending lack of 
precipitation, especially when prolonged. 

For rivers that flow eastward from the Continental Divide an attempt 
is being made to forecast the trend in the summer precipitation, but with- 
out uniform success. However, owing to the fact that summer rains in 
this area are mainly of the thunder-storm type and scattered, their effect 
on runoff is doubtless much less than represented above. At worst, the 
snow cover should indicate the minimum runoff that can possibly occur. 
In the upper Columbia Basin, on the opposite side of the Continental 
Divide, the problem of deficiency in summer precipitation has failed thus 
far to appear. 

Temperature . — Contrary to the usual belief, changes in temperature 
within normal limits merely accelerate or retard the rate of runoff without 
noticeably changing the total amount. This is because dripping from 
the snow fields, once started in the spring, does not cease sufficiently to 
allow the soil to dry out and require a second priming. Furthermore, the 
snow descends into the soil in the form of what may be called restrained 
rain rather than a deluge. This is especially true at the higher altitudes, 
where the depth of the snow gives it additional capillarity. 

In four seasons of abnormal shrinkage in runoff the seasonal tempera- 
ture during the runoff period was from 0.7° to 4.2° F. in excess of normal, 
suggesting that high temperatures are relatively ineffective in increasing 
the total flow. However, low temperatures of 3.3°, 3.1°, and 7.0° F. 
below normal persisting during March, April, and May, 1933, in the 
Humboldt Basin were associated with a loss of 50 percent of normal in the 
forecast of runoff. The loss may have occurred in the alluvial floor of 
the basin. It was evidently due to excessively low temperatures, which 
caused repriming of the soil or reduced the rate of flow to absorptive 
proportions. Fortunately, such low temperatures after melting has 
begun are of rare occurrence. They have been recorded in the Humboldt 
Basin only four times in 38 years. 

As the monthly departure from normal temperature is usually far less 
than the normal monthly shift, the phase of expected flow likewise varies 
within narrow limits. Seldom is an expected flow accelerated or retarded 
as much as a month. How rarely this should happen is illustrated by the 
temperature departures at Elko, Nev., in the Humboldt Basin, during 
1922-31. The normal monthly shift in temperature ranges from 3.6° to 
9.0° F. Out of 81 months (November to July), only six departures in 
excess of 7.0° F. occurred, and these were all confined to the period Novem- 
ber to February, when melting could not be greatly affected. The 
extremes were -f 10.1° and — 12.0°F. During the months March to July 
only nine times was the temperature departure more than 4.0° F. 
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Because of the resulting general uniformity of phase with similar 
snow covers, basins where storage is scant are having fair success in mak- 
ing forecasts of the probable date when the stream flow will become 

deficient. 

That the water from late mountain snows of light density has a 
tendency to run off prematurely is not proved by data so far gathered. 
The fact is rather that these snows pass through a process of accelerated 
ripening as a result of the alternation of thawing and freezing that occurs 
normally in April above the altitude of 7,000 feet. It is true that snow of 
light density at the beginning of the time of melting, before losing its water, 
fails to attain the density of snow of higher initial density, but the maxi- 
mum seasonal variation in density for the Tahoe Basin as a whole is under 
13 percent, and no marked effect from light densities appears in the runoff. 

On the other hand, deep snow of high density may melt prematurely, 
even under normal temperature, unless protected by new snow whose 
greater reflectivity reduces absorption of insolation and whose capillarity 
temporarily prevents the downward movement of melt water. Such pro- 
tection is essential at the end of the season of accumulation, when the 
temperature is rising. ^ During March 1923, under practically normal 
temperature and depth of snow, the snow cover in the central Sierra 
Nevada, of 4.1 to 8.5 percent density above normal, lost from 7.4 to 23.4 per- 
cent of normal water content. The cause of the superdensity evidently lay in 
the almost complete lack of new snow after Feb. 12. Measurable snow fell 
on only 3 days out of 47, with a maximum total water content of 1.60 inches. 

Evaporation— The rate of evaporation from snow under average 
conditions has been estimated at 1 to 2 inches of water monthly. Wet 
snow and wet ice will evaporate more rapidly. Under foehn condi- 
tions on the inland ice in Greenland the daily evaporation of snow has 
ranged from 0.045 to 1.40 inches water content, and that of ice from 0.056 
to 1 .01 inches or in one instance possibly more since the pan was found dry. 
Fortunately the various periods were short. 

The monthly evaporation of snow on a watershed in the semi-arid 
West is illustrated by the series of measurements shown on page 113. 
The averages are based upon evaporation from November through June, 
though the evaporation that affects the forecast of runoff is confined to 
the months of April, May, and June. 

On the basis of the extremes for any single month, as shown by meas- 
urements of evaporation in the open at an altitude of 6,230 feet, the maxi- 
mum monthly variation in evaporation to be expected from variation in 
the weather is about 1 inch, or 6 percent of the normal snow cover at that 
altitude. As the increase in evaporation with altitude will be offset by 


^ Eng. Xews-Record, voL 92, Xo. 6, p. 234, Feb. 7, 1924. 
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the increase in depth of the snow cover, this percentage naay well be 
representative for the entire watershed. 


Monthly evaporation of snow in the Sierra Nevada, 1910-11 to 1916-17, in inches 


Altitude 6,230 feet: 

Typical fir forest 0.46 

Small fir glade 36 

Pine and fir forest typical of snow courses 52 

Medium pine forest 59 

Openings in forest 68 

Semiopen forest 78 

Small meadow 84 

Open meadow 1.26 

Deforested south slope 1.17 

Altitude 8,000 feet: 

Semiopen forest 1.40 

Altitude 9,500 feet: 

Timber line 5 , 52® 


« A single measurement, undoubtedly much to large because of wind effect. 

Above the altitude of 10,000 feet, where sun cups and sun pits are 
found, evaporation may exceed melting, but this phenomenon, being 
included in the normal runoff, does not materially affect the seasonal 
percentage of runoff. 

Adjusting snow surveys to major, complex basins 

Forming the sides of a gigantic A, of which the Sierra Nevada-Cascade 
range with its local drainage systems, forms the cross bar, the Colxunbia 
River system shares almost equally with the Colorado River system the 
western side of the Continental Divide from southern British Columbia 
to northern New Mexico, a distance of about 1,300 miles. However, the 
Columbia lies in the storm track and drains a region, of increasing pre- 
cipitation toward its mouth, and its normal annual runoff at The Dalles 
(computed in 1922) is 151,710,000 acre-feet, as compared with 17,449,000 
acre-feet in the Colorado at Yuma, or a ratio of 9 to 1. 

The tremendous flow of the Columbia is furnished by three principal 
tributaries — the upper Columbia with the Kootenay (52,521,000 acre- 
feet), the Clark Fork-Pend Oreille (19,180,000 acre-feet), and the Snake 
(45,518,000 acre-feet). The combined system covers with a more or less 
complete net the entire arid region of Idaho, Oregon, and Washington 
and thus guarantees to these States a permanent foundation for agricul- 
tural and power development. The chief problem, especially downstream, 
will be the lifting of water to the high lands, and its solution may be the 
power potential of the stream itself. 

The three tributaries supply 77 percent, barring losses enroute, or 
about 117,000,000 acre-feet, of the annual flow of the Columbia at The 
Dalles, and their basins are so large and their flow so abundant that at least 
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two of them have become centers for a series of great reclamation projects. 
Of the other tributaries, the Spokane has long been the source of inter- 
state power. 

The problem of forecasting the summer (April-July) runoff of the 
Columbia is virtually the problem of forecasting the runoff of its individual 
feeders, for the interests served are on the tributaries rather than on the 
main stream. However, the collective forecast for the feeders would 
represent the forecast for the main stream. This is shown by the record 
of 1913-21, during which the maximum annual variation between the 
collective runoff of the major feeders and the runoff of the main stream at 
The Dalles was 7 percent and the maximum variation for April to July 
was within 11 percent, although divergences of 20 to 35 percent frequently 
occur between the tributaries themselves. Furthermore, fragmentary 
records indicate that a similar closeness of agreement prevailed throughout 
the preceding decade. 

However, forecasting for even the individual feeders is far, more 
complex than in the Sierra Nevada. Precipitation during April to July 
grows relatively heavier with increase in distance from the Pacific coast, 
and the snow cover on the upper Columbia Basin melts slowly during this 
period, thus catching and ultimately transmitting to the stream the bulk 
of the precipitation. 

The lower Columbia drains the Cascade and Coast Ranges, which are 
here of low altitude' and transmit the bulk of their snow immediately to the 
streams. For instance, 57.0 percent of the runoff of the Willamette comes 
in December to March and 27.4 percent in April to July. Furthermore, 
the precipitation on this basin is relatively light during April to July and 
adds little to the summer flow in the lower stream. On the other hand, 
the Columbia above The Dalles flows only 16.8 percent in December to 
March and 61.0 percent in April to July. 

Consequently the upper and lower Columbia are complementary to 
each other, and whatever late spring and sunomer rise occurs in the 
Columbia will be due to the snow on the Continental Divide. On the 
other hand, except for the influence of the chinook, the high water in 
winter should be due to heavy precipitation in the Cascade and Coast 
Ranges and should occur mainly in the lower Columbia and its immediate 
tributaries, for the bed of the upper Columbia is too capacious to be over- 
flowed in its low-water season except under abnormal conditions. 

Unlike the Columbia, the Colorado River, with the negligible excep- 
tion of its tributary the Gila, rises entirely in the highlands of the Con- 
tinental Divide and receives practically no accretions toward its mouth. 
Thus the area of 225,000 square miles above Yuma is reduced for forecast 
purposes by about one-half, and the crest line of 760 miles is reduced 
to 330 miles. Furthermore, three tributaries, the Green (6,797,760 acre- 




Fig. IV-IL— Western snow survey system, showing areas used in forecasting the runoff of the 
basins and sub-basins of the Western States and Provinces: (1) Northern Sierra, (2) Central Sierra, 
(3) Southern Sierra, (4) Southern California, (5>-Humboldt, Nevada, (6) Wasatch-Uinta, (7) Upper 
Columbia, (8) Clark Fork-Pend Oreille-Spokane (a, Clarlc Fork-Pend Oreille Basin; b, Spokane 
Basin), (9) Snake (a, Salmon Basin; ?>, upper Snake Basin; c, lower Snake-Boise Basin), (10) Sas- 
katchewan, (11) Green River, (12) (Irand River (upper Colorado), (13) San Juan, (14) Little Colo- 
rado, (15) Gila, (16) Oregon State, (17) Upper Missouri (a, Yellowstone), (18) Platte, (19) Arkan- 
sas, (20) Rio Grande, (21) Canadian, (22) Pecos. 


The purpose of a snow survey in this basin will be the efficient control 
of Boulder Dam to store the maximum water possible without flood 
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strain on tho structuro. Unliko the Columbia, tho Colorado has far more 
irrigable land tributary to it than it can serve. 

Figure IV-11 indicates the feasible division of these two systems 
and others of the Western States and Canada into areas for purposes 
of forecasting their runoff. Snow" surveys and forecasts are now regularly 
conducted throughout the entire area. 

Quantitative system 
Application 

The quantitative system of snow surveying is native to the Eastern 
States, where the snow is shallow and may melt during the winter season. 
Here the cubic content of the water in the snow cover is determined by 
circuit surveys representing the various altitudes and areas of each basin. 
In the Androscoggin Basin, Maine, where the first attempt at snow survey- 
ing in America was made by Charles A. Mixer, in 1902, a snow-sampling 
circuit of more than 300 miles is now maintained at frequent time intervals 
during the winter, to determine the snow-water storage and correlate it 
with the winter and summer flow. 

Snow surveys are continued until the snow cover has melted. For 
this reason the variant factors affecting forecasts, though now wholly 
quantitative, cover intervals so short that they have little effect on the 
estimates. Moisture and frost in the soil, rain on the snow, and the tend- 
ency of the snow to melt constitute the forecaster’s uncertainties. On 
the basis of 12 inches of water in the snow cover, 3 inches, or 25 percent, 
is deducted for soil priming and evaporation, leaving 75 percent (a high 
proportion compared with that in the West) for the replenishing of reser- 
voirs, which are abundant in this glaciated region. This percentage is 
based provisionally on ground-water studies made by observing the water 
level in wells and the yield of certain drainage areas in dry periods. 

Paul L. Bean, who developed the Androscoggin system, is expanding 
his forecast of bank storage and possible minimum flow to the succeeding 
year to afford the lumbermen information regarding the possibility of 
fluming their hardwood logs to market. As the crop is perishable, cutting 
cannot be ventured without assurance of essential river stages in the 
following spring. 

A short-cut method of quantitative snow surveying is now being 
developed in the Merrimack Basin, New Hampshire, by John V. Salo. 
It seeks to determine the water content of the snow cover of the various 
feeders of the basin by weighting the snow surveys at the mean altitude 
of the snow cover of each feeder. The altitude of the basin as a whole 
ranges from 250 to 5,250 feet. 
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Floods 

The quantitative system of snow surveying is particularly valuable 
in forecasting the imminence of floods wherever shallow snow is subject 
to sudden melting. Its success was remarkably demonstrated by the 
timely warning by Paul L. Bean of the disastrous flood of March, 1936, 
in the Androscoggin and other adjoining basins in the Northeast. 

To paraphrase the report by Mr. Bean, on March 1, 1936, a very 
thorough snow survey of the Androscoggin Basin indicated about 10 
inches of water in the snow at the lower levels and 12 to 18 inches at the 
higher levels — an unprecedented condition, indicating a potential volume 
of flood water to pass Lewiston of not less than 60 billion cubic feet. 
The basin embraced slightly less than 3,500 square miles, of which two- 
thirds was entirely uncontrolled except for natural storage. As high 
altitudes predominate in the uncontrolled drainage area, it was clearly 
evident that if heavy precipitation, accompanied by high temperature, 
should occur, a flood of major magnitude could be expected. Moreover, 
the snow cover extended far to the south, was heavy, and showed little 
sign of melting. This condition clearly pointed to a sudden break, which 
actually occurred March 13, when the other necessary elements were pro- 
vided to produce the greatest flood in this area within the memory of man. 

In the White Mountains area of the basin 20.3 inches of rain fell on 
a snow cover with a water content of 18 inches. Practically the entire 
basin received a rainfall approximating 10 inches or more on a snow cover 
containing nowhere less than 10 inches of water. These severe conditions 
continued for nearly a week. Considerably more than 40 billion cubic 
feet of water passed Lewiston. The river rose close to 40 feet at the peak 
flow. It was the supreme experience of life to see a flow greater than 
normally passes Niagara Falls hurtling down a channel with a normal 
average flow of 1,800 cubic feet per second. Damage ran into millions 
of dollars, but there was no loss of life due directly to the flood, though 
several persons were so frightened that they died of heart failure. 

This can be a recurrent experience in the Northeastern States, which 
because of their situation between the warm moist air of the Atlantic 
and the cold continental air from Canada are subject to snow accumula- 
tion and heavy midwinter rainstorms that may melt the snow and add 
this store of latent water to its own. The shallow soil underlain by 
impervious slate or frozen in its lower unforested areas transmits its over- 
burden of water with little retention. 

The Susquehanna Basin, apparently the flood center of this area, is 
described as having "approximately 10 percent of the total flood damage 
of the entire country in a drainage area that is not much more than 1 
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percent of the total.” Carroll F. Merriam, manager of the Pennsylvania 
Water & Power Co., suggests that investigations be made of the critical 
density and temperature of snow at which it may abruptly release its 
water content. Cooperation in this study is being arranged. 

In New York State Dr. Robert E. Horton has noticed that major 
floods seldom occur when the snow is deep. This observation is sub- 
stantiated by the fact that rain even at 50° F. melts only one-eighth of its 
weight of snow. In Michigan and Wisconsin floods are reported as rare 
because of the depth of glacial covering and the undersoil pockets and 
lakes of the region, assisted by increasing remoteness from the rain belt. 
This should be true to a lesser degree over most of the Great Lakes and St. 
Lawrence drainage area because of the natural storage provided by the 
glaciated topography. 

In the West torrential rains appear to be the chief cause of floods. 
Maximum floods, however, would probably be the result of the melting of 
large areas of shallow snow in the vicinity of the snow line or covering the 
valley floor below. Such was the destructive flood of early March, 1910, 
in the Humboldt Basin, Nevada, caused wholly by the slow accumulation 
of snow during a cold winter and its sudden melting by an abrupt rise in 
temperature. The total average precipitation for the basin during 
December to February was only slightly above normal and only 0.07 inch 
of precipitation was reported at the lower end of the stream throughout 
the progress of the flood. 

The great snow fields at higher altitudes are probably impregnable 
to all but the heaviest rains and highest temperatures. However, the 
threat of these two elements is shown in the tendency of the snow cover 
at 8,400 feet (Lake Lucile) in the Tahoe Basin, California, to drip at the 
end of the abnormally open winter of 1939-40. The average depth of the 
snow was 184.6 inches, and its water content 69.3 inches. Snow densities 
at higher altitudes in the basin were 37 to 45 percent. On this experience 
is based the formula, the deeper the snow the smaller the flood. The 
capacity of flood-detention reservoirs need not be based upon the total 
snow storage of the mountains. 

The regime op glacier streams 

The regime of glacier streams can be best presented again.st the back- 
ground of rain and snow-fed streams. Secondo Alfieri has done pioneer 
work in this field [127]. In the Italian Alps and Appenines he has selected 
five basins, ranging in area from 30.4 to 88.5 square kilometers, three of 
which have snow and glaciers, one snow, and one mostly rain. The areas 
covered by glaciers, in the three glacier basins range from 28 to 47 percent 
of the total areas of the basins. The heavy melting of the glaciers that 
had been in regression for several years naturally increased the ratio of 



SNOW AND SNOW SURVEYING; ICE 


119 


runoff to precipitation. Thus, in the seven years, 1931 to 1937, covered 
by the comparison, the runoff from the three glacier basins substantially 
exceeded the precipitation. However, Alfieri’s data apparently gave too 
high percentages of runoff in at least some of the basins, because he used 
only a few precipitation stations and these without regard to altitude. 

The regimen of the glacier and snow-fed streams is determined not 
so much by the seasonal distribution of the precipitation as by the tempera- 
ture, which reduces the accumulation. The glacier basins are somewhat 
higher than those of the central Sierra Nevada, and are slightly farther 
north. Their peak flow should therefore be later. The glacier basins, 
because of the low temperature at their high altitude and reserves of ice, 
have their major runoff from June to September. The lower snow-fed 
basin has its major runoff from March to June, when the seasonal storage 
of snow becomes exhausted. In the basin in which the precipitation is 
chiefly rain the runoff lags less behind the precipitation, but its season of 
minimum runoff, in July, August, and September, synchronizes with the 
three months of minimum precipitation. 

The forecasting of the runoff of snow and glacier streams requires 
merely a normal or standard of comparison of the annual snow cover and 
the ablation of the ice. As early as 1914 Dr. Alfred de Quervain and 
Dr. R. Billwiller began sampling the annual reserve of snow in the n6v6 
of glaciers. ^ This system should be extended to the entire watershed, both 
non-glacier and glacier, in the same manner as applied to snow basins. 
Because of the ruggedness of the terrain the percentage method should 
preferably be used. Where possible, gaging stations should be established, 
particularly in the non-glacier areas, as a check on the accuracy of the 
snow surveys. Precipitation stations would also be valuable if numerous 
enough to represent the effects of altitude. Since fluctuations in temper- 
ature can not be forecast, estimates should be confined to the total major 
runoff rather than to peak flows. 

Through the pioneer efforts of Dr. Otto Liitschg-Lotscher, photo- 
grammetric surveys of the fluctuation of glaciers in volume now provide 
an accurate method of determining the seasonal water content of the ice 
as of a reservoir. The net relationship between annual accumulation 
and dissipation can thus be determined. Charts of the Upper Saas Valley, 
Monte Rosa Massif, and Upper Grindelwald Glacier, in the Jungfrau 
Group, make these areas highly desirable initial areas for the development 
of snow surveys in the Alps. 

CONSERVATION OF SNOW 

The problem of snow conservation by mountains and forests is com- 
plex. Mountains, if very high, may waste snow by sublimation, as the 

* Present Methods of Glacier Study in the Swiss Alps (Mo. Weather Rev., vol. 52, 
pp. 264-266, 1924) by J. E. Church. 
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evaporation on ordinary peaks appears to be fully four times that in the 
wooded mountain valleys at their base. (See Fig. IV-12.) If directly 
facing the sun and wind the slopes may accelerate melting and evapora- 
tion. On the whole, however, they serve as reservoirs, holding the snow 
cover far above the heat of the valleys and releasing its moisture slowly, 
in general harmony with the advancing growth of vegetation below. If 
sufficiently rugged, they concentrate the drifting snow in their lee with 
little loss of altitude but great increase in depth (Figs. IV-13 and IV-14), 



Fig. IV-12.— Sun cups at an altitude of 10,000 feet on Mount Rose, Nev., showing tendency of 
snow to evaporate rather than melt at high altitudes. At higher altitudes the cups enlarge into pits, 
whose walls finally wear into leaning fins called by the Spaniards “ Nieve penitente” because of their 
mass resemblance to a band of penitent monks. 


thus assuring shelter from wind and possibly from sun and retardation 
in melting due to its greater depth. This applies, however, to exposed 
ridges and peaks. 

Such conservation can be still further increased by timber screens, 
especially on the lips of canyons, where they accentuate the shelter 
afforded by the slopes. In strong contrast to this protection are the far 
transport of the snow in the mountains of Sweden, where the slopes are 
gentle and the timber is low, and the seemingly endless sweep of the snow 
over the open tundra of the Arctic regions. 

' The efficiency of mountain forests as gatherers and retainers of snow 
is plainly evident from a comparison of measurements made on the lee 



Fig, IV-13. — -Conservation of snow by Mount Rose, Nev. (a) Windward side. Snow is swept 
away except where caught or protected by timber screens. (6) Leeward side. . The snow is caused 
to .accumulate by the mountain barrier, forming an incipient glacier. The timber line breaks the 
wind currents and brings the snow to rest. 
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side of the rocky summit of Mount Rose and in the timber-line forests 
beneath at 47 stations in April, 1910. Below is given the depth of snow, 
in inches, with the water content in parentheses. 

Unforested talus slope. 40.8 (18.4) 

Cornice included in above ^2.5 (25.1) 

Forested slope 88 . 6 (4 1 . 1 ) 

Protected slope ^ 

The influence of scrub of varying heights is shown by measurements made 
at 52 stations : 

Talus slope covered with low scrub 32.4 (13.4) 

Slightly steeper talus dotted with timber screens 10 to 20 feet high . . 61 . 4 (26 . 5) 

In a season of normal or heavy precipitation the snow on the first 
slope rises as high as the tips of the scrub, but no higher, for the slope is 
then exposed to the unobstructed sweep of the wind. 


Fig. IV-14. — Depth of snow caught by timber-line forest. The snow is as deep as the sampler is 

tall (21 feet). 


Area for area on mountains of gentler contour — and such mountains 
are the rule rather than the exception — the talus slopes are less efficient 
than forests as conservers of snow. It is true that some of the snow above 
timber line outlasts the snow in the forest below. This difference is con- 
fined, however, to the deeper cornices of small area. The use of timber 
screens instead of a forest cover evenly distributed would create drifts 
but little inferior in size and lasting power to those of the cornices on the 
talus slopes. Furthermore, the number of such drifts can be multiplied 
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by planting trees, whereas the cornices on the rocks not only cannot be 
increased in number, but they place too large an area under contribution 
and the water supplied by them is released late. 

Forests, however,- are wasters as well as protectors of snow in propor- 
tion to their density and shade and their climatic situation. In the East 
the hardwood and softwood forests possess diverse and in some respects 
opposite qualities. The softwoods or conifers tend to intercept the snow 
and expoes it, if w'et and clinging, to long and accelerated evaporation 



Fig. IV-15. — The problem of combating rime on Mount Rose, Nev. The “ frost feathers'” (rime) 
are 4 feet long. Because of the weight of ice festoons bn the guy lines it was found necessary to use 
timber or pipe supports instead of the usual rods. The precipitation intake pipe at the left indicates 
an effort made to obtain a record of precipitation oil the mountain top. However, the tendency of 
the snow to blow upward instead of downward at the crest made this effort futile. In repairing the 
station the masts were made much heavier, and guy lines were shortened or eliminated in favor of 
timber braces. The arrow of the wind vane was made short, and the tail long to keep the vane in the 
eye of the wind. 


in the branches. However, the snow that reaches the ground is afforded 
abundant shade from the sun. On the other hand, the hardwood or 
deciduous trees offer little interception to falling snow but provide scanty 
shelter against the sun. In forests of both types the snow is protected 
against drifting. The deciduous forest, because of accumulation of fallen 
leaves, affords, greater protection against frost in the soil and resulting 
impervious runoff surface but permits early melting. 

In the West the forests are mainly conifers. The snow also is drier 
in its fall and consequently is blown more readily from the branches. 
Thus it escapes excessive evaporation. The forests, where not too dense. 
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appear even to collect more snow than the open, as shown by the following 
comparison of the net gathering power of open and forested areas in the 
Tahoe Basin, California, March, 1910 (Tables (o) and (6)). 


(a) Tahoe City 
(6,230 ft.) 

Net gathering power (snow 
' cover and water content 
March 11, 1910, in inches) 

Net retention in 
spring 

April 20, 1910 

Treeless meadow j 

39.8 (11.7) 

Gone April 10-13 

Forest of pine and fir 

31.4 (12.1) 

1.3 (0.6) 

Fir forest 

30.4 (11.0) 

7.1 (2.7) 


A further comparison (b) of various types of forest at Blackwood Creek, 
indicates that the dense forest with glades has a maximum gathering and 
retaining power: 


(h) Blackwood Creek (6,230 ft.) 

March 13-14 

April 25 

Open forest of pine and cedar 

34.9(13.5) 
31.0 (10.9) 
42.7 (16.5) 

1 

0.5 (0.2) 

2.1 (0.9) 

7.8 (3.2) 

Very dense fir forest 

Dense fir forest with glades 


The index of protection capacity is confirmed in the figures for total 
evaporation, in inches of water, December to May, 1913-14, at Tahoe 
City, Calif.; Small fir glades, 1.5; large forest opening, 2.2; open meadow, 
4.8; deforested southern slope, 5.9. 

The ideal forest for the conservation of snow is one honeycombed 
with glades whose extent is so related to the height of the trees that the 
sun cannot reach the surface of the snow. Such a forest will permit far 
more snow to reach the ground than a forest of great and uniform 
density and yet will protect the snow from the effect of sun and wind. A 
fir forest having a maximum number of glades or a forest of mountain 
hemlock meets these requirements. However, glades can be produced in 
any dense forest by the simple operation of cutting. Such a forest, when 
viewed froni above, would resemble a gigantic honeycomb, the glades of 
the forest being equivalent to the cells of the comb. Fortunately, this 
method, proposed by the author in 1912,^ has now been found compatible 
with modern forest cutting, which seeks to develop the area for water as 
well as for timber. 

An attempt has been made to obtain exact measurements of the 
evaporation of snow in tree crowns. A drip pan provided with a mezza- 


‘ Sci. Am. SuppL, vol. 74, No. 1914 (Sept. 7, 1912) p. 155; Am. Geophys. Union Trams., 
1940, p. 925. 
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nine story of wire screen to expose snow from both above and below after 
the manner of branches was hung in the trees, and a few measurements 
were obtained. That the factor is small is suggested by the table of 
collecting power given above. Further measurements should be made, 
particularly in the East. 

Likewise, further investigation should be conducted regarding the 
power of deep snow to prevent frost from penetrating the soil or to aid the 
earth warmth to remove it before the period of seasonal flood runoff occurs. 

SNOW-SURVEY POSSIBILITIES 

The limitations of snow surveys, originally felt to be narrow, have 
been gradually pushed back with unfolding knowledge of the potency of 
snow. 

Snow surveys were extended into the shallow snows of the East to 
determine the auxiliary water supply in the Black River, N.Y., stored in 
the seasonal snow cover. They were also made in the St. Maurice Basin, 
Quebec, but the percentage method there has failed to yield close forecasts 
in some years. 

In the Susquehanna Basin, although the snow constitutes only one- 
third of the annual precipitation, it is far more effective than the remaining 
two-thirds. C. F. Merriam writes that “for a period of the year the 
runoff normally exceeds the rainfall by about 2 inches.” This is due to 
the fact that in spring the snow melts continuously apd therefore with 
little loss in priming the shallow soil, whereas during the sununer the 
deciduous trees, putting out leaves, intercept the rain, as do also the 
conifers, and use it in transpiration. As the rain falls in showers, much is 
wasted in rewetting the soil. The snow provides the excess runoff. 

Thus the snow cover in the East, as in the West, is the basic factor in 
forecasting runoff. The satisfactory results by the quantitative method 
in Maine, New Hampshire, and Newfoundland are reassuring. A study 
should be made of the snow cover, probably scant, in the Tennessee 
Basin, now under hydrologic development, to determine the relative 
effectiveness of snow and rain at their extreme ratio. 

Snow-cover conditions in wild-life refuges have been requested by the 
United States Fish and Wildlife Service to plan more exactly for winter 
feeding and summer water supplies. 

The latest advance is the use of snow surveys in Utah to estimate and 
apportion ground-water supplies. One of the earliest advances in snow 
surveying was also made in Utah, where in 1934 the first drought confer- 
ence in history was held before the drought occurred. A project is also 
under way in Nevada to seek a relation between the snow cover in the 
Charleston Range and the artesian flow in its neighborhood. 
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THE MELTING OF SNOW 

With rare exceptions snow melts only from above and active melting 
is at or near the surface. Percolation is possible only when the snow is 
at the point of melting and is dependent upon excess of gravity pull over 
lift by capillarity. 

Although the heat of the sun is the ultimate cause of melting, the 
immediate causes in probable order of effectiveness are radiation from sun 
and sky, convection and condensation from the air, and the warmth of 
rain. The penetration of the snow cover by the radiant energy of the 
sun and its refraction from beneath and the residual warmth of the earth 
from the previous season are minor factors. 

The present section deals with the complete melting of snow within 
a single season. The evolution of snow to perennial firn and glacial ice 
is discussed in the chapter on Glaciers. The data have largely been 
obtained from 'field rather than laboratory measurements and should 
thus be freer from possible exaggerations. To permit percolation, snow 
must become ripe, and in the process it tends to become homogeneous in 
density. 

Ripe and overkipe snow 

When snow has attained its maximum power of water suspension 
it is “ripe,” and when this point has been exceeded and it begins to lose 


Density of ripe and overripe snow in relation to depth of snow and its exposure to windj Central 

Sierra Nevada 

(average of many measurements) 


Locality, elevation, and exposure 

Year and 

Depth 
of snow 
(inches) 

Density (percent) 

precipitation 

Ripe 

Overripe 


1911-1912 

light 

31 4 

30.1 

35 4 

Tahoe City, 6,230 feet, forested, wind light 

1913-1914 

heavy 

68.8 

34 6' 

38.6 


1915-1916 

heavy 

57.1 

1 

36.2 

42 2 

Marlette Lake, 8000 feet, semi-forested, wind 
strong. 

1915-1946(?) 

81.3 

44.4 

49.6 

Summit Station, 7,017 feet, semi-forested, wind 
strong. 

1915-1916 

heavy 

133.5 

48.4 : 

! 

51.6 


1909-1910 

normal 

50.7 

' 47.2 

53.1 


! 1910-1911 
heavy 

94.8 

47.4 

56.5 

Mt. Rose, 9,000-10,800 feet, wind-swept 

1912-1913 

light 

38.0 

38.2 

46.4 


1915-1916 

heavy 

73.9 

47.2 

53.4 
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its water content it is “overripe.” The density of ripeness and, over- 
ripeness varies with the initial density of the snow. This in turn is 
dependent on the character of the snow crystal. 

Apparently snow crystals do not consolidate under melting as 
closely as under wind or compression but rather tend to become coarsely 
granular. Some increase in compactness results from melting, but this 
is followed by a slight diminution in density as the water begins to drain 
from the snow. 

In all types of snow the difference in density between ripeness and 
over-ripeness does not exceed about 10 percent, whatever the density of 
ripeness may be. Consequently the snow that is protected from the wind 
and so is initially light will rarely attain the density or capillarity of its 
wind-blown neighbor. Herein lies the greater value of high mountain 
snow. The divergence between various types of snow is shown in the 
table on page 126. 

Tendency of the snow to become homogeneous 

The second trait to be noted is the tendency of ripening snow to 
become homogeneous in density, a development doubtless accelerated by 
water permeating the mass. This is not a wholly ideal trait, for when the 
entire depth has attained ripeness the capillarity reserve of the snow 
cover has ceased to exist and all further water from melting passes directly 
through and into the soil, if not impermeable. 

Solid pack snow lacks the spongy or suspensive character of snow of 
lighter density and even under normal temperature may lose some of 
its water prematurely. This is particularly true in March, when winter 
is passing into spring and nature is delicately balanced. At this crisis 
in water supplies an overlay of newly fallen snow with its abundant 
capillarity is needed to insulate the old snow against melting. For 
instance during March, 1923, under virtually normal conditions of tem- 
perature and depth of snow, the snow cover in the central Sierra having a 
density of 4.1 to 8.6 percent above normal lost from 7.4 to 23.4 percent of 
normal of its water content, though melting usually does not begin until 
April 1. 

The belief that early snow will pack better and therefore last longer 
in the spring is apparently based on observations of spring snowfall which 
necessarily disappears quickly because of its scant water content. In the 
mountains late-fallen snow' being assisted by advancing spring will 
quickly attain the density of the earlier snow. 

The accompanying cross-section of snow cover strata at Donner Sum- 
mit in 1917 gives a picture of this evolution in detail. 
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Tendency of snow to become homogeneous in density^ Donner Summit Station (7,017 feet)^ 1917 
(Depth of snow in inches; density in percent) 

A — Timbered flat 


Stratum 

April 1 

April 23 

May 6 

May 20 

June 3 

Numbered from 

In. 

Per- 

In. 

Per- 

In. 

Per- 

In. 

Per- 

In. 

Per- 

surface down 

cent 

cent 

cent 

cent 

cent 

1 

6.5 

24 6 

4.3 

41.9 







2 

7 0 

38.6 

6 9 

40 6 





1 


3 

12 3 

40.7 

7.5 

50.7 







4 

10 6 

46.2 

11 0 

49.1 

3 8 

52.6 





5 

27.8 

46 8 

24.7 

51 8 

25.0 

52.8 

“1 8 

'^22 2 



6 

59 9 

48.1 

54 9 

49.0 

56 0 

50 2 

59.6 

52 2 

29 6 

53 0 

d'otal Snow Cover 

124 1 

45.1 

lti9.3 

48 9 

84.8 

51.1 

61.4 

51.3 

29 ..6 

53.0 


B — Wind-swept hilltop continuous with preceding 


Stratum 

May 6 

May 20 

June 3 

Numbered from 
surface downward 

Inches 

Percent 

Inches 

Percent 

Inches 

Percent 

4-5 

29.3 

57.7 

^8 5 

^43.5 



6 

56,8 

57 4 

53.9 

59.6 

17 4 

57.5 

Total snow cover 

86.1 

1 

57.5 

62.4 

57.4 

17.4 

57.5 


Xew snow. ^ Partly new snow. 


Lag 

Owing to initial capillarity or adhesiveness of the water in the snow 
crystals there is a natural lag between the beginning of melting at the top 
of the snow cover and the appearance of the water at the base of the 
snow. This necessarily pre-supposes the temperature of 32°F. or 0°C. 
(the temperature of melting) throughout. Otherwise the percolating 
water will freeze and form crusts en route. Likewise when percolation 
has become established, it will continue temporarily after melting at the 
surface has ceased. While this does not prevent oscillation in the runoff, 
it usually assures sufficient moisture to maintain percolation in the snow 
and underlying soil and avoid the repriming losses common in the case of 
intermittent rains. Thus only a single priming is necessary to deliver a 
season’s snow cover to the streams. In only one or two instances during 
the three decades of snow-surveying has the cold been continued suffi- 
ciently long to dry out the snow and the soil and thereby cause less runoff 
than was expected. 

Change in density. during melting 
Clyde (18) has noticed that the density of the snow cover increases 
until runoff occurs and then falls to a lower density which is maintained 
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with only slight variation during the completion of the melting. This is 
apparently due to the breaking down of the capillarity of the snow by the 
melting of some of the crystals. If freezing and consolidation should 
occur, the density at least locally would increase. 

The decrease from 49.4 percent to 37.0 percent cited is unusual. 
At Donner Summit the density of stratum 6, representing the water-worn 
bottom of the snow cover, has suffered a fall below that of stratum 5 on 
April 23 and May 6 but the fall is less than 3 percent. On April 1 per- 
colation had obviously not yet occurred. If the density of the total 
snow cover is used as a standard, the density increases from beginning 
to end of the melting period though the increase toward the end is slight. 

The saturation zone sometimes found at the base of the snow cover 
is apparently caused by underlying impervious earth or ice-crust which 
blocks the pull of gravity. Such is slush which will drain rapidly when the 
barrier has been perforated. The maximum capillary height at the base 
of a snow prism of 44.8 percent density resting on a solid surface has been 
observed by Horton (22) to be 2 inches or 1.1 inch of water, without the 
capillary downward pull of unsaturated underlying soil. In general, he 
estimates the capillary height in inches at 3 to 5 times the density of the 
snow. Above this capillary zone the snow is drained white to the surface 
tension of the crystals at which the original percolation occurred. 

Rates of melting 

The rate or intensity of melting will necessarily depend upon the 
degree of heat above freezing. 

The average rate of melting of a snow field in the Central Sierra 
Nevada mountains is shown in the following table, which covers six con- 
secutive years and affords a striking example of uniformity in rate. 


Rates of melting of the snow cover at Soda Springs Station (6,752 //.), Central Sierra Nevada in the 

month of April 1936-1941 



1936 

1937 

1938 

1939 

1940 

1941 

Aver- 
1 age 

Depth of snow cover April 1 (inches 







1 

of snow) 

94.8 

110.5 

153.7 

52.8 

101.3 

83.0 

99.4 

Density, April 1 (percent) 

46.2 

40.0 

40.7 

40.7 

42.2 

49.8 

43.3 

Mean of temperatures above freezing 








during month* (°F.) 

9.4 

7.4 

7.7 

12.5 

8.8 

00 

9.0 

Total melting adjusted for precipitation 
during April (inches of water) 

14.61 

10.85* 

10.15 

21.84 

13.86 

10.62 

13.65 

Average daily melting (inches of water) 

0.487 

0.362 

0.338 

0.728 

0.462 

0.354 

0.455 

Average daily melting per degree F. 








(inches of water) 

0.052 

0 049 

0.044 

0.058 

0.053 

0.044 

0.051* 


* Mean monthly temperature above freezing = (Mean maximum temperature ~-32®F). 
Wet-bulb temperatures are preferable, and near the snow surface. Probable wet-bulb average 
daily rate of melting at Soda Springs approximates 0.61 in. per degree F. 
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Confirming the average daily rate of melting of 0.455 inch at Soda 
Springs Station is the average daily rate of 0.42 inch (corrected for precipi- 
tation of 2.40 inches) at adjacent Donner Summit from April 1 to May 6, 
1917, at a mean temperature of 5.9°F. above freezing for the period, or 
3.1°F. below the average temperature for April at Soda Springs Station. 

The temperature above freezing is plainly the controlling factor as 
shown by the uniformity of the average daily melting per degree F. 
High density as in 1941 is apparently ineffective at 6.5 percent above the 
mean. But excess temperature of 3.5°F. above average may account for 
the high daily melting rate of 0.728 inch or 0.058 inch per degree F. in 
1939. 

The high daily melting rate of 1.08 inches reported by Clyde (18) 
for Gooseberry Creek, Utah, April 23-May 9, 1928, with a temperature 
of 19.9°F. above freezing, or 0.054' per degree F. can best be accounted 
for by the fact that during the 16 days of melting the temperature fell 
below freezing on only 6 nights, an unusual occurrence in April and May 
above 8,500 feet altitude. The daily melting, instead of being inter- 
rupted for .several hours, was practically continuous nearly half of the time. 
To provide for such exceptional cases or to attain greater precision the 
hourly rather than the daily melting rate per degree F. above freezing 
should be computed as a standard of comparison. 

The rates of melting for various periods during April have been 
determined for all of Finland, including all types of open country and 
forests (26). Melting in spring time is the principal cause of the runoff 
maximum in all parts of Finland, although, owing to lakes, the annual 
high water in many basins is observed as late as in June or July. The 
snow is relatively shallow. 

The daily melting rate of 0.528 inch for 30 days in Finland cor- 
responds fairly well with the rate of 0.455 inch in the central Sierra 
Nevada. The rate of melting per degree F. in Finland is 0.108 inch; at 
Soda Springs Station 0.051 inch. The mean degree above freezing in 
Finland during April is 4.9°F. (2.7°C.)^ as compared with 9.0°F. for the 
central Sierra Nevada. Finland lies at 60— 70°N. latitude and the central 
Sierra Nevada at 38°N. The daily insolation at the Arctic Circle, or 
average latitude of Finland, is far longer than at 38° but the angle of 
incidence of the sun is much lower. Thus the daily cycle of melting at 
this latitude on the. Greenland inland ice at 1,500 feet altitude in August 
has been found to last only from 9 a.m. to 4 p.m. 

In the laboratory Clyde has observed a melting rate of .054 to .076 
inch per degree F. daily (24 hrs.) and Horton a corresponding rate of 

' The estimate 0.091 given by Clyde applies to Centigrade scale. 

^ Estimated by Ralph W. Burhoe from KQppen-Geiger, Handbuch der Meteorologie on 
basis of 14 stations representing a cross section of the latitude extremes of Finland. 
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0.04 to 0.06 inch. The mean room-temperature above freezing during 
Clyde’s experiment was 48.0°F. and during Horton’s 40.1 and 42.1°F. 
Owing to the moderate size of the snow cores ^ the tests lasted only from 
byi to 103 >-^ hours. 

At Soda Springs Station the average temperature above freezing was 
only 9.0°F. and interruption in melting occurred during approximately 
12 hours or probably longer in 24. If the assumed 24 hours of daily 
melting in the laboratory are reduced by half in approximate conformity 
with the length of the melting period at Soda Springs Station^ the daily 
laboratory rate would be 0.027 to 0.038 inch (Clyde) and 0.02 to 0.03 inch 
(Horton) as compared with the field .rate of 0.051 inch (Soda Springs). 

The laboratory experiments are admittedly crude because of the 
constant variation in the surface area and contour of the snow prisms. 
The field experiments are affected by insolation, fluctuating temperature, 
and particularly by diurnal cessation of melting. Much remains to be 
done in developing a standard unit of melting. 

Atmosphehic heat 

The main sources of heat are insolation and the warm, turbulent 
atmosphere which establishes direct thermal contact with the snow. 

The diurnal penetration of n4v6 at 14,000 feet has been found by 
J. Vallot (20, p. 493) to be within one meter. It seems far deeper at lower 
elevations if the diurnal change from freezing to melting is considered. 
Furthermore, this change is almost sudden on or near the surface at sunset. 
The temperature, however, within the snow never rises appreciably above 
32°F. because of the resulting occurrence of melt water. 

Dryness in a warm wind should accelerate evaporation while moist- 
ness should increase melting. A rainless flood in the Humboldt Basin, 
Nevada, February 21 to March 12, 1910, was occasioned by a mean 
daily maximmn temperature of 25.3°F. above freezing and a minimum of 
0.8°F. above freezing, causing practically continuous melting during the 
period. The snow, accumulated by a uniformly cold winter, had 3 to 
4 inches of water content on the floor of the basin but 7.75 inches at 6,000 
feet, where the mountain slopes rise. The average relative humidity as 
recorded at Winnemucca in the center of the basin was 69 percent. The 
phenomenon was characterized as a “sudden thaw accompanied by 
Chinook wind,” and its effects were the most severe experienced there in a 
quarter centmy. 

That Chinooks cause sudden floods despite their low relative humidity 
is shown by the following experience recorded by Hoover (74) in Alberta, 

1 Clyde: 25 in. high X 8 in. diam.; 8 in. high X 6 in. diam. Horton: 20 in. high X 8 in. 
diam.; 9.3 in, high X 7.8 in. diam. 
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Canada, March 18 to 23, 1939. With a mean temperature at Calgary of 
16.7°F. above freezing and a mean relative humidity of approximately 
50 percent, 10 inches of snow (water content probably 2}-i inches) nearly 
disappeared during the first two days, and four prairie streams from 160 
to 370 miles east of the Rocky Mountains, although completely dry dur- 
ing the winter, attained peak flows of 1,000 to 3,500 second-feet. The 
runoff in terms of the total area of the watersheds was 0.11 inch to 0.16 
inch. No measurement of evaporation was obtained, but a daily evapora- 
tion loss of 0.492 inch (water content) has been measured on the Green- 
land inland ice during a foehn period. The mean daily temperature there 
was 26.3°r. above freezing, the wind velocity was 7.2 miles per hour, and 
the relative humidity was 62 percent. On the lee of the hummock the 
daily evaporation of snow was 0.206 inch or slightly less than half that on 
the windward. The evaporation of ice fully exposed was likewise 0.206 
inch, The moistening of the snow crystals and the surface of the ice 
accelerates the evaporation rate. The chinook problem is still young. 

Effect of rain 

Another factor in melting potency is rain. Max Oechslin has found 
that rain at d^C. (39.2°F.) will percolate through snow at a decreasing 
rate as the density of the snow increases. For example, in snow 60 
centimeters deep the time of percolation is as follows: for 10 percent den- 
sity, 90 seconds; 20 percent, 115; 30 percent, 145; 40 percent, 175; 50 
percent, 255. Horton (21 and 22) has computed the transmission con- 
stant for water overlying packed new snow of 64 percent density at 2.28 
inches depth per minute or approximately one-half of Oechslin’s rate of 
50 centimeters in 255 seconds, or 4.63 inches per minute for snow at the 
density of 50 percent. However, Horton feels “that the transmission 
capacity of mature snow at the base of a snow layer, where the crystals 
have become more or less cubical in form, will in general be much greater.” 
Oechshn also has found that if the snow is compact and wind-carried, the 
time of percolation may decrease as the density increases, for the reason 
that open channels are formed through which the percolating water is 
discharged. 

As the points of the crystals are melted and smaller crystals are dis- 
solved the amount of surface tension area or capillarity is diminished and 
the size of free channels is increased. Thus when the snow has become 
saturated, that is, when its limit of suspension has been reached, it can 
exercise no further restraint against gravity unless, as mentioned above, 
the grains are consolidated by freezing. 

A striking example of percolation caused by rain is offered by Horton 
(22). During December 17 and 18, 1915, 1.35 inches of rain fell on a 
snow cover 23.5 inches deep, with an original water content of 3.34 
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inches, an initial density of 14.1 percent, and a final density of 24.1 per- 
cent. This rain produced a gain in the water content of the snow cover 
of only 0.15 inch but caused the ground water level to rise. The rain 
had been insufficiently warm and copious to melt the snow although it 
had broken down its crystals considerably. 

According to B. S. Barnes,^ rain of 40°F., which is the ordinary rain of 
spring when the precipitation oscillates from rain to snow, will melt only 
5.5 percent of its weight of snow. Even at 60°r. the rain would melt 
only 20 percent of its weight of snow. Consequently, if the snow cover 
is heavy, the rain must be very heavy to remove it entirely. If the snow 
has not attained full ripeness, some of the rain will be held in suspension. 

Effect of insolation and eadiation 

Owing to direct insolation the surface of the snow near midday in 
sunlight may melt although the air temperature is — 10°C. (18°F. below 
freezing). This effect is greatly limited, however, by the albedo, or 
reflectivity of the surface of the snow, depending on the latter’s form and 
state. Thus dry, new snow has greater albedo than moist or packed 
soiled snow. However, the cumulative seasonal effect is large. 

Kalitin (27, 20) has found the reflective value of dazzling, fresh, 
soft snow to be 87 percent and that of the soiled turf after the disappear- 
ance of the snow to be as low as 18 percent. Maximum values found by 
others have varied from 70 to 89 percent. 

The depth of penetration of the sun’s rays into snow has been found 
by Kalitin to be 15 centimeters (5.9 inches) for wet snow and 60 centi- 
meters (23.6 inches) for dry snow. On the Greenland inland ice, 1926- 
1928, the writer found that opaque bodies sank only pencil deep (6 to 
7 inches) into the ice, where they remained inert. The diameter of the 
holes was proportionate to the area of the opaque material, tiny objects 
producing a hole having the diameter of a lead pencil. Most holes were 
crescent-shaped and tilted toward the sun, as in the case of the pinnacles 
of the nieve penitente. The shallowness of the holes was probably due 
to the presence of melt water that could not escape. 

In the Sierra Nevada, black-bulb thermometers recorded no higher 
than the others beyond depths of 16 to 18 inches. Since the thermometers 
were in sealed tubes and thus were dry, these measurements should be 
representative of dry snow. In preliminary measurements in the Wasatch 
Mountains, Irving F. Hand and Roy E. Lundquist have found the sun’s 
penetration in wet snow of 50 percent density and in ice to be far less. 

The power of the sun to penetrate to the opaque earth beneath the 
snow and cause melting from below is therefore limited to extremely 
shallow snow particularly when- wet. 

^ Amer. MeteoroL Soc. Bull. 21.3 (March, 1940) pp. 99-100. 
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Effect of earth warmth 

The effect of the residual warmth of the earth from the previous 
season appears to be small in the light of dry cores of snow formed 
throughout the winter and the relatively small winter runoff of the streams. 
Even wet meadows are limited in area and effectiveness. 

A quantitative comparison of mid-winter and maximum runoff on 
snow-fed streams is provided by the West Walker Eiver, in California and 
Nevada, the February runoff of which is 2.1 percent of the annual runoff, 
whereas the maximum, in June, is 28.9 percent. Bishop Creek and the 
South Yuba and Truckee Rivers flow 3.4, 4.7, and 4.9 percent, respectively, 
in February as compared with maximum flows of 22.9 percent (July) 
and 29.2 and 25.8 percent (May) respectively. 

The effect of earth warmth in removing frost from the soil with the 
aid of insulating snow should be maximum where the summers are warm 
and the conductivity of the ground is high. 

AVALANCHES 

Avalanches, or “valley ward” snow, are a mountain phenomenon born 
from the instability of the snow and early named from their spectacular 
descent into the valleys. Their latent peril to travelers and habitations 
has spurred detailed study of the evolution of avalanche snow until, 
under the leadership of Paulcke, followed by Welzenbach, Seligman, and 
the Swiss Avalanche Commission, a science of snow structure has arisen. 

Among the factors in the occurrence of avalanches are density, 
porosity, and friction, and these are directly affected by temperature, 
humidity, pressure, and wind. 

The gradient of the slope at which snow deposits are stable depends 
upon the friction or coherence of the snow crystals and snow strata. Snow 
slopes steeper than 22° must be regarded with suspicion, says Seligman 
(116), though oldfirn snow will be stable at 50°. But this is to be regarded 
only as a general rule, for wet snow avalanches have come down on slopes 
of only 15°. 

The high cohesion of moist earth is evidently due to the slight film of 
water surrounding the grains and the loss of cohesion in wet earth to exces- 
sive water causing lubrication or floating of the grains. Likewise moist 
snow should be most cohesive and wet and watersoaked snow least. 
Wild snow, being almost impalpable, should lack cohesion entirely, while 
new powder snow, because of the interlocking of the plumes of the crys- 
tals, will be strongly coherent. Sand snow, whose facets are angular, 
should also be stable because of internal friction. 

In the early winter the ground and trees may provide sufficient 
anchorage to prevent movement of the snow. But unless the points of 
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control are sufficiently high to extend through the increasing snow cover, 
snow crusts may be formed above them and produce slip planes upon which 
newer snow may become very unstable. Only when the snow falls suffi- 
ciently moist to be consolidated with the crust is the anchorage extended 
upward. 

However, melt water later in the season may be caugnt by the crust 
and cause it to become a plane of discontinuity, lubricated for the descent 
of the overlying snow. Frozen ground, long grass, and flattened brush 
may act in the same way. Sometimes melt water from steeper slopes 
exposed to the more direct rays of the sun may accumulate on gentler 
slopes below and cause avalanches where less expected. 

Types of avalanches 

In their most obvious forms avalanches fall into three main classes : 
(1) Loose-snow avalanches, (2) wind-slab avalanches, and (3) ice ava- 
lanches. But in the order of their seasonal appearance they are (1) dry 
soft-snow avalanches, (2) wind-slab avalanches, and (3) wet-snow ava- 
lanches. However, avalanche types are frequently complex and the 
season varies with elevation. 

Loose-snow avalanches are less dependent on slide-strata than wet- 
snow avalanches and may result merely from overburden of new snow. 
However, a hard-frozen under-stratum will greatly increase their occur- 
rence. The most spectacular but rare of winter avalanches is the wild- 
snow avalanche that flows even through forests and by its snow-dust may 
suffocate at a distance or penetrate tightly closed rooms out of the 
immediate path of the avalanche. If the slope is steep, it may float in 
the air. Snow cushions, of loose powder snow, slip readily on the crust 
on which they are originally deposited. Steep slopes may make whole 
fields of loose snow unstable. Sun-balls caused by the moistening of 
cold new snow by the sun are often the forerunners of dry avalanches. 
The wind-slab avalanche is provided not only with a slip crust but also 
frequently with depth hoar to accelerate its movement. But wet-snow 
avalanches are usually caused by warm moist winds that increase the 
density of the snow, break down the cohesion of the snow crystals, and 
provide melt-water lubrication. Ice avalanches, akin to glacier cascades, 
occur above cliffs or steep rocks, and are usually a glacier product. 

Blasts and speed 

The blasts that sometimes accompany avalanches and break off 
trees far above the ground and on either side of their course are caused 
both by the frontal thrust of the snow and the vacuum created by its 
passage. The prerequisite for blasts is a large cross-section of dense 
swiftly traveling snow. As the velocity of the snow decreases at the foot 
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of its slope, the blast may overtake it and travel far ahead, even to the 
opposite slope and cause an additional avalanche there. 

The speed of avalanches is dependent upon type and volume of snow 
and smoothness and gradient of underlayer. Dry powder snow is fastest, 
damp snow is slowest. Owing to friction the speed of the sides and bottom 
is slower than that of the center. Hence the surf-like movement of the 
mass and the danger of being drawn under and compacted. J. Coaz 
gives a mean speed of 350 kilometers (217 miles) per hour for the great 
Glarnisch powder-snow avalanche of March 6, 1898, on an average slope 
of 44°. In a total distance of 7 kilometers the avalanche crossed a valley 
2 kilometers wide and climbed several hundred meters up the opposite 
wall and then flowed back. It started as a wind-slab avalanche. The 
descent lasted only 1.2 minutes but 7 more minutes elapsed before the 
snow dust had settled. Mougin and C. Bernard estimate the speed of a 
wet-snow avalanche at 17 miles per hour on a slope of 45°. 

A volume of one million cubic meters, says Seligman, is not uncommon 
for both powder and wet-snow avalanches. 

Prevention’ and avoidance 

Avalanches can often be stayed at their source by creating an anchor- 
age of contour trenches, terraces, walls, and screens of trees. Farther 
down their course, deflecting walls can be constructed to detour the 
avalanches or split them if buildings are in the path. Where avalanche 
danger is cumulative, incipient avalanches can be brought down while 
still ineffective by cutting or explosives. 

The avoidance of avalanches can often be accomplished by noting 
the nature of the snow and the character of the weather. Avalanches 
are most abundant in winter when the snow is unstable and storms 
frequent and changeable. At normal winter temperatures dry-snow 
avalanches come down only six to twenty-four hours after snowfall, when 
the snpwflakes are losing cohesion and one to two hours after the reappear- 
ance of the sun. I n spring, during periods of sunshine, wet snow avalanches 
will occur in the afternoon after the cohesion of the snow has been lessened. 
At night, falling temperature accelerated by radiation, will cement the 
snow again. But during storms, avalanches may occur at any hour. 
However, no fixed rule can be given, for impulse to avalanche movement 
is complex and may be slight and difficult to foresee. 

Testing and forecasting 

Tests of the tendencies of suspected snow fields can be made by 
perforating the snow to determine the cohesiveness of its crystals and 
crusts. Paulcke inaugurated the use of a snow sampler one meter lopg 
with windows (113). The Swiss Avalanche Commission has installed 
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meters to determine the pressure or creep of the snow and uses a field ram, 
to determine snow resistance or cohesiveness. Tests of both tensile 
strength and compressibility are also made in the laboratory. Time 
profiles of the changing snow cover are kept (114, 115). On the founda- 
tion of such profiles, providing they can be used to interpret snow condi- 
tions at other elevations in the region, forecasts can be made of avalanche 
tendencies under prevailing or impending weather. 

ICE 

To round out this general chapter on snow and ice, the reader is 
referred to the chapter on Ice in the Sea by Commander Edward H. Smith 
in "Oceanography” (volume V of this series) and to the following section 
on the Evolution of Ice in Streams. Both sea and river ice are socially 
and economically of far greater present importance than glaciers and ice 
caps but, with the exception of icebergs, lack their fascination. How- 
ever, glacier ice has had its world influence in the past and may exert it 
again. 

THE EVOLUTION OF ICE IN STREAMS* 

Walter J. Parsons, Jr.^ 

Much has been observed and written about the open summer phase of 
river behavior ; but little about the winter phase. This section will attempi 
to describe objectively some of the less well-known phenomena of the 
winter phase of a river’s annual cycle. 

The freeze-up . — With the coming of cold weather the water in a stream 
is gradually cooled, its temperature being intermediate between that of 
the cold air on the surface and that of the warm rock of the river bed, 
which still retains the heat of the summer. Within the mass of the water 
temperatures tend to be uniform, the water being continually stirred by 
turbulent currents. This uniformity is further aided by the sinking of 
the cold, dense surface layers and the welling up of the warm, lighter 
bottom layer. Occasionally temperature stratiflcation occurs in deep, 
quiet pools. The water cools degree by degree until the entire mass is 
close to the freezing point. Finally the surface film of water is cooled 
below the freezing point and suddenly changed into needlelike crystals of 
ice that are slightly lighter than water. 

The degree of turbulence compared with the rapidity of freezing now 
causes the ice formation to follow one of three general courses. In case 
1, when turbulence is large, the crystals are carried below the surface and 
the entire body of water is converted into a milky mixture of ice and water. 
This is called “frazil ice” and causes considerable trouble at power plants 

^ Ice in the northern streams of the United States (Western Interstate Snow-Survey Conf. 
Trans.): Am. Geophys. Union Trans., 1940, pt. 3, pp. 970-973. 

2 Hydraulic Engineer, United States Engineers Office- 
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and control gates. When the floating crystals touch any surface that has 
a temperature even a fraction of a degree below the freezing point, such 
as a submerged portion of a steel rack or a mass of sheet ice, the crystals 
instantly adhere and form a spongy, rapidly growing mass than can quickly 
choke even large waterway openings. 

In case 2, when turbulence is less, the crystals remain floating on the 
surface, touch, interlock into a loose network, form little floating islands 
that join, are crushed together, and grow larger. Within the open meshes 
of the network the liquid water is trapped and cannot easily mix with 
warmer subsurface water. It therefore freezes rapidly and unites the net- 
work into solid pans of ice. These pans are carried downstream until 
they touch the cold shore, freeze tight, catch other pans, and so jam from 
shore to shore. This is the end of free flow in the river. Floating pans 
strike the jam and rapidly extend it upstream, submerged crystals of frazil 
ice are carried under the ice bridge and, floating upward, adhere to the 
bottom surface and thicken it. Soon the whole reach of river is solidly 
covered. 

In case 3, with still less turbulence, the floating nets of crystals unite 
without crushing, and crystal growth in the interstitial water unites the 
mass into a clear sheet of “rubber ice.” 

Upon the creation of a continuous ice cover the freezing process enters 
a new phase. Heat can no longer be lost by radiation directly from the 
free water surface to the cold air but must be carried by conduction 
through the ice layer. As ice is a poor conductor of heat, the temperature 
gradient is steep, and the rate of freezing from the bottom surface of the 
ice rapidly decreases as an inverse exponential function. Normal winter 
temperatures in the Northern States rarely can freeze single sheets of 
river ice more than 30 inches thick. When there is a snow blanket on top 
of the sheet ice, the conduction of heat is still further reduced and the rate 
of freezing correspondingly decreased. The end result of the process is a 
dense, watertight sheet of floating ice with its temperature ranging from 
a fraction of a degree below freezing at the bottom surface to temperatures 
of from freezing to as low as 60° F. below zero at the top surface. 

An abnormal type of ice formation called “anchor ice” occurs in clear 
swift streams with dark rock bottoms. On cold, clear nights the dark 
rocks of the bottom lose heat so rapidly by radiation up through the 
water into the air that they cool below the freezing point of the water 
above them. The adjacent water is frozen into transparent “skull caps” 
as much as 2 inches in thickness, firmly attached to the rocks. The effect 
on the river flow is the same as if the bottom had suddenly risen 1 or 2 
inches throughout. When daylight comes the sunshine penetrates 
through the clear water and transparent anchor ice to the dark rocks and 
warms them up. The anchor ice is melted loose and floats up to the sur- 
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face. The result is that shortly after sunrise there is a sudden increase 
in the amount of floating ice, and trouble due to clogging of gates and racks 
becomes acute. 

Another abnormal phenomenon is associated with the thickening of 
the original ice cover. It has been observed that during a prolonged cold 
spell, when the air temperature remains continuously below 0° F., the 
thickening of the original ice cover decreases at an abnormally rapid rate. 
When, on the contrary, the low temperature fluctuates enough to approach 
the freezing point, the ice thickens at a normal rate, A possible explana- 
tion of this phenomenon lies in the theory that liquid water is a mixture 
of several molecular forms of H 2 O, only one of which can change into solid 
ice. At temperatures well above freezing the several forms maintain their 
normal proportions by continuous interchange. As the freezing point is 
approached the speed of interchange is greatly slowed down. During a 
prolonged cold spell the ice-making form is soon exhausted, and further 
ice making is delayed until this form can be replenished from the other 
forms. Fluctuating temperatures permit the maintenance of normal pro- 
portion of the different forms. 

Effect of ice on river-flow characteristics . — Although the viscosity of 
water increases with decreasing temperature, the effect on the normal 
turbulent flow of water in natural rivers is rarely large enough to be 
observed by current-meter measurements. The retarding effect of sus- 
pended frazil ice or floating pan or slush ice is likewise small. With the 
formation of a complete ice cover solidly anchored to the banks flow con- 
ditions change radically. The depth of the ice below the free water surface 
has been subtracted from the area available for flow, and in addition the 
under surface of the ice acts as an additional friction surface. The free 
water surface (which is what is ordinarily measured by river gages) may 
have to I’ise as much as 4 feet, under extreme conditions, to pass the same 
flow as before the formation of the ice cover. At first the under surface 
of the ice is rough, with many projections formed by the protruding edges 
of pans of ice that were turned on edge as they jammed together. Rough 
porous masses of frazil ice are caught under the ice sheet and greatly 
obstruct flow. The sudden increase in stage throughout the channel 
requires the storage of large volumes of water. As a result the river flow 
temporarily decreases. When the additional storage has been satisfied 
the flow returns to normal. This sudden decrease and recovery is a sure 
indication that the upstream reaches of a stream have changed to the 
winter phase. Within 1 or 2 weeks the reduction in heat loss due to the 
insulating effect of the ice cover permits the temperature of the water to 
rise sufficiently to melt the masses of frazil ice and the projecting slabs of 
ice below the solid ice cover. The under surface of the ice becomes smooth 
as glass and almost plane. Flow conditions are improved and stages 
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slowly drop, releasing part of the stored water. Near stable conditions 
now exist, with the only change the slow increase in stage as the ice cover 
gradually thickens. 

Behavior of ice in midwinter . — The ice cover is normally in a state of 
almost complete flotation. The edges of the ice sheet are frozen solidly 
to the banks and to projecting boulders and bridge piers, but the stiffness 
of the ice against cross bending is so small that within a distance equal to 
about ten times the ice thickness, the ice is at the normal flotation level. 
Rising stages lift the center of the ice sheet but leave a depression along 
the shore that may be below the free water surface. Such a depression 
soon fills with water from melting snow or through cracks in the ice, and 
the next cold spell freezes the water, restoring the level upper surface 
of the ice. Rarely a stream bed is so narrow between projecting boulders 
that a sudden decrease in flow will cause the water to drop completely 
below the ice, leaving the ice temporarily suspended and the water flow- 
ing freely inside a tunnel. This condition does not last long before the 
ice cracks and falls back to normal flotation level. 

Ice expands and contracts with temperature changes in the same way 
as rocks, although the presence of water in contact with the under side 
reduces the range of temperature. Rising temperatures cause expansion 
that exerts outward pressure toward the banks. Normally there are 
enough weak points in the ice sheet to permit the release of this pressure 
by buckling of the sheet or crumbling of its edges. Occasionally the tem- 
perature rise is so rapid that enormous expansive pressures are developed 
at the edges of the ice and, exposed piers, bulkheads, or sea walls are 
overturned or shoved bodily. When the expansion is less rapid the ice 
has time to adjust itself at weak points by crumbling and internal shear, 
so that little damage is done. Sometimes the entire frozen surface of the 
river bank, including rocks, earth, and sand, is sheared free from the 
unfrozen subsoil and piled up in characteristic long ridges parallel to 
the stream channel. This action on midchannel sand bars piles them up 
above water level. 

Similarly, dropping temperatures cause contraction of the ice sheet. 
As ice is very weak in tension, the stress is easily released by numerous 
tension cracks. The ice sheet already shoved up on the bank is not 
retracted but remains perched on the bank. Contraction of ice is usually 
harmless to engineering structures. However, the combination of alter- 
nate expansion and contraction causes a ratchet action that is more severe 
than either action separately. As contraction takes place at colder tem- 
peratures, the water that rises in the tension cracks freezes at once, filling 
and sealing the cracks. When temperatures rise again the cracks cannot 
close, and the entire expansion must take place at the edges of the sheet. 
Similarly, compression cracks due to buckling freeze solid and are stronger 
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than before. Each cycle of contraction and expansion shoves the edges 
of the sheet farther up the bank. 

Piers or walls exposed to the full force of ice expansion are usually 
protected by maintaining a belt of open water in front of them. As new 
ice freezes in the open lane of water, or as ice expansion closes it, this pro- 
tective belt must be reopened and the ice cakes removed. A clever 
use can be made of the residual heat of the water under the ice. 
A perforated air pipe is placed along the bottom of the river in front of 
the wall or gate. The rising air bubbles drag warm bottom water upward 
and cause active circulation that prevents surface freezing and even melts 
heavy sheet ice that has been shoved into the protecting lane. 

Thawing of river ice . — When winter comes to an end and air tempera- 
tures rise, the ice sheet begins to melt. The water beneath the ice has 
always been warmer than the ice, but now the insulating snow blanket is 
melted away and the sun beats down on the bare upper surface. Solid 
clear ice melts very slowly. Massive cakes of ice 3 feet thick that were 
solidly frozen to the face of steel gates remained frozen in place for as long 
as 48 hours after they had been deeply submerged by lowering of the gate, 
although the ice was surrounded by swiftly moving water passing through 
the open gate. However, in favorable localities, the snow melt water on 
top of the ice carries heat down every crack in the ice, and the once solid, 
watertight mass is transformed into a honeycomb structure of long crystals 
normal to the surface, which occupies the same total volume but which is 
structurally weak and has its pores filled with water. To the casual eye 
the ice looks as solid as it did in January, but actually it has changed 
radically. Then comes the first spring rise in the river. The snow-melt 
water from the hillsides enters the stream, the flow increases and the stage 
rises, the ice sheet is broken loose from the banks, and the cracks are not 
resealed with fresh ice. Then one day comes that ever-fascinating sight, 
the ice run. A weak section of ice floats free of its anchorage and releases 
the water stored above it. This extra water floats the next section free, 
releasing more stored water. All at once the whole river begins to move, 
the apparently solid cakes crumbling into slush as they strike the bank 
and against each other. A few ice cakes from shaded locations are still 
hard and strong. Armed with gravel and boulders frozen into their bot- 
tom, they crash on bridge piers and grind timber cribbing to match sticks. 
However, the greater part of the ice disintegrates into slush that melts 
while one watches it. The next day the river is running clear from bank 
to bank, with only a solitary ice cake piled up here and there on a sand bar. 
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CHAPTER V 
GLACIERS 

Francois E. Matthes^ 

INTRODUCTION 

A large proportion of the total volume of water that is distributed over 
the land areas of the Earth at the present time is locked up in the crystal- 
line state in glaciers, ice caps, and ice sheets. So enormous is the aggregate 
volume of ice — about 11,374,000 cubic miles — that, if it were all released 
by melting and returned to the oceans, the oceans would rise, according 
to different authorities, 130 to 190 feet above their present level [27, p. 12], 
and all the great seaports of the world and large areas of fertile valley 
land would be submerged. Yet hydrologists have thus far paid little 
attention to these vast masses of crystalline water substance, leaving 
them to be studied chiefly by glaciologists and geologists. The reason is, 
of course, that the bulk of this land ice is contained in the ice sheets of 
Antarctica and Greenland and in the ice caps of circumpolar islands, all of 
which are so far from the principal centers of civilization that the possi- 
bility of utilizing the stores of ice on them for practical purposes seems 
almost nil, for the present at least. The hydrologic interest that attaches 
to these remote masses of land ice is therefore largely academic. 

Quite different is the situation in regard to mountain glaciers, for 
many of these, notably in central Europe and in the northwestern United 
States, lie sufficiently close to urban, industrial, and agricultural districts 
to constitute important sources of water supply. Already the runoff from 
a considerable number of such glaciers is being utilized for power pro- 
duction, irrigation, and municipal consumption, and as a consequence 
hydrologic investigations have been made or are being made in connection 
with these supplies. In most places these investigations have been 
prompted by the realization that glaciers are inherently variable masses, 
being extremely sensitive to cyclic climatic changes. They often react 
strongly to climatic changes that are so gradual and so subtle as to be 
hardly noticeable in other ways. The present time, moreover, happens 
to be a period of pronounced and almost universal glacier shrinkage, and 
as a consequence it is felt by some that the runoff from glaciers may 
continue to diminish until it reaches a catastrophic end in the near future. 

^ Geologist, Section of Glacial Geology, Geological Survey, United States Department of 
the Interior, Washington, D. C. 
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This feeling of apprehension, furthermore, is founded in no small measure 
upon the belief, still widely held, that the present recession of the glaciers 
is part and parcel of the gradual waning of glacial conditions all over the 
Earth that has been in progress more or less constantly ever since the end 
of the great ice age. Apparently little attention has been paid, at least 
in this country, to the considerable body of data on recent glacier oscil- 
lations, mostly of European observation, that utterly refutes that prevailing 
belief. It seems in order, therefore, to present .here a synopsis of these 
neglected data and thereby to afford American hydrologists a perspective 
of the sequence of recent glacial events, of which the present recession is 
but the latest episode. 

Before doing this, however, it is desirable to epitomize also, in compact 
form, the new factual knowledge concerning the physical character of 
glaciers, their alimentation, regimen, and motion, that has been gathered 
during the last few decades and in part even during the last few years. 
Little of this new knowledge has yet found its way into the textbooks, but 
it is no exaggeration to sa}' that some of the recent contributions are 
among the most momentous that have been made in the entire history of 
glaciology. They dispel many misconceptions of long standing and bid 
fair to settle controversies that have been carried on for more than a 
century by generations of glaciologists. 

PRINCIPAL TYPES OF GLACIERS 

The general term glacier is applied to all bodies of land ice that consist 
of recrystallized snow accumulated on the surface of the ground. There 
are, however, many different types of glaciers owing, primarily, to the 
fact that glacier ice in sufficiently large masses behaves as a plastic 
substance and under its own weight — that is, in response to the force of 
gravity— seeks by slow flowage to assume a form of equilibrium adapted 
to the configuration of its base. Whatever doubt there may have been in 
the past in regard to the reality of plastic flow in glaciers, there is, as a 
result of recent researches, none left today. Indeed, plastic flow may be 
said to be the distinctive characteristic of glaciers which sets them apart 
from all stationary bodies of accumulated snow. 

Several different systems of classification have been proposed for the 
many diverse types of glaciers that are now known, but all of these systems, 
it is to be observed, were devised before plastic flow had been definitely 
established as the primary element in glacier motion. They were not 
founded on a recognition of the fundamental fact 'that the external form 
of a glacier of any type is ‘the resultant of adaptation of the mass to the 
topography of its base by flowage and other subordinate types of motion. 
It is therefore in order now to set up a new classification based upon the 
newly gained insight into the mobility of glacier ice. A complete classi- 
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fication, including all of the subordinate types and varieties of glaciers, 
will not be attempted here; only the major classes will be outlined, the 
purpose being to put the reader at the outset in possession of the modern 
point of view. 

Fundamentally, all glacier types fall into two broad classes — ice streams 
and ice caps. That division does not differ appreciably from that which 
has already been proposed by several glaciologists, but it now rests upon 
an understanding of the mechanics of glacier motion as w’ell as upon 
morphologic distinctions. The term ice stream, which has long been used 



Fig. V-1. — The crest of the Chugach Mountains, in Alaska, showing typical alpine, or mountain 
glaciers tributary to the Harvard Glacier below. The altitudes range from 13,250 feet on Mount 
Marcus Baker, the highest summit, to about 2,000 feet on the Harvard Glacier. Each mountain 
glacier originates in a separate cirque that constitutes an effective basin for the catchment, concen- 
tration, and conservation of snow. The snow collects in them not merely by direct precipitation but 
also in large measure by drifting and avalanching. {Aerial photo by Bradford Washburn,) 

loosely, and mostly in a figurative sense, is now seen to be entirely legiti- 
mate and highly appropriate for those glaciers which because of the steep- 
ness of their beds flow chiefly under the direct pull of gravity and, owing 
to secondary topographic controls, tend to assume elongate, stream-like 
forms. Typical of this class are the mountain glaciers (Figure 1),. which 
have their sources near the crests of lofty mountains and thence descend 
as narrow, gradually tapering tongues, following valleys, much as streams 
of water follow channels. To this class belong also the valley glaciers 
(figure 2) which, fed by many converging mountain tributaries, flow like 
broad, majestic rivers of ice for tens and even scores of miles down the 
main valleys of a mountain systeiri. Still larger, but often less typical; 
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Fig. V-2. — The Geikie Glacier, one of the lesser ice streams on the west side of Glacier Bay, 
Alaska. It has its sources on the relatively-low mountain range in the middle distance (altitudes 
4,000 to 5,000 feet), which is separated from the lofty Fairweather Range, in the background (alti- 
tudes 10,000 to over 12,000 feet) by the broad interniontane ice mass known as the Brady Glacier. 
The smooth surface of that ice mass, sloping gently toward the left, is just visible above the summits 
of the lower range. The Geikie Glacier is a typical example of a compound valley glacier formed 
by the coalescence of several tributary ice streams. That each of these ice streams maintains its 
identity after coalescence is shown by the parallel courses of the medial moraines that form the 
"'sutures’' between them; yet the main glacier has but one central current or line of maximum 
velocity. The terminus of the Geikie Glacier reaches down to sea-level at the head of Geikie Inlet, an 
arm of Glacier Bay. {Photograph by Naval Alaskan Aerial Survey Expedition.) 

of well over 100 miles [Gould 44, p. 727], and certain outlet glaciers in 
northern Greenland are reported to be equally long. 

The term ice cap is applied generically to all those broad cakelike ice 
masses, whether of continental or more restricted extent, that cover land 
areas of relatively moderate relief, or, to put it in more general terms, of 
such configuration that direct gravitational flow of the ice can not take 
place on them, save locally. Such ice masses have as a rule radially 
divergent flow systems actuated primarily by differential pressures within 


are the great interniontane glaciers (Figure 2) that are produced by the 
confluence of numerous mountain and valley glaciers, and that occupy 
spacious troughlike depressions between separate mountain ranges or 
mountain groups. ■ To the ice streams, finally, belong also the outlet 
glaciers that issue from the margins of ice caps and carry the surplus ice 
out through deep-cut valleys and fiords. Among them are the longest 
and mightiest ice streams in existence. Several of the great outlet glaciers 
on the western margin of the Antarctic ice sheet, notably, attain lengths 
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themselves and only partially controlled by the underlying topography. 
They therefore tend to spread out in all directions and typically have lobate 
borders. 

To the ice cap class belong the small plateau glaciers of Norway and 
the larger ice masses of the Spitsbergen and Franz Josef archipelagos, of 
Novaya Zemlya, and Iceland, all of which lie in the main on uplands of 
subdued relief. Some of these ice masses, however, are so thin that the 
configuration of the land underneath is reflected in some measure in 
the undulations of their surfaces. Their motion is probably in part 
directly gravitational, and they are therefore on the borderline between 
true ice caps and ice streams. The vast ice sheets of Antarctica and 
Greenland, on the other hand, are so thick that they literally bury entire 
mountain systems and over large parts of their interiors have gently 
domed surfaces that do not betray the topography of the land beneath. 
In them flowage due to differential pressure is clearly dominant. 

GENERAL CHARACTERISTICS OF GLACIERS 

Glaciers, like all other bodies of water-substance associated with the 
lands of the Earth, are creatures of regional climatic conditions. They 
can originate only in areas where annually more snow accumulates (not 
merely falls) than wastes away, by melting, evaporation, or other dissipat- 
ing processes. There is required, in general, a combination of abund- 
ant snow precipitation, either in winter or throughout the year, and 
suflaciently low temperatures, especially in summer, to conserve a part of 
the fallen snow. However, so infinitely varied are the geographic con- 
ditions in different parts of the Earth, that there are many different 
combinations of this kind. Representative of one extreme — that of 
aridity combined with freezing temperatures the year round — are the 
climatic conditions in Antarctica. The total annual snow fall, as measured 
at Little America by the First Byrd Antarctic Expedition, amounts to 
only inches of water, and in the interior of Antarctica it is doubtless 
scantier still, owing to the continentality of the climate and the persistence 
of anticyclonic winds. Representative of the opposite extreme are the 
conditions that prevail in the wet southern part of Iceland. The climate 
there is decidedly maritime and influenced, in the bargain, by the proximity 
of a regular path of cyclonic storms. The precipitation consequently is 
heavy, the temperatures, in winter as well as in summer, are moderate, 
and ice wastage is correspondingly great. The measurements by Ahlmann 
and Thorarinsson [6, p. 423] show that on the south side of the ice cap, at 
an altitude of about 3,600 feet, the precipitation (snow and rain) in 
1935-1936 averaged 118 inches of water, and in 1936-1937; a relatively 
wet year, it amounted to 197 inches of water. On the other hand, the 
lower parts of the outlet glaciers are annually stripped of about 6 feet of 
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ice by ablation, and even the central portion of the ice sheet, at altitudes 
of 3,600 feet and higher, is covered with slush and pools of water in mid- 
summer [Roberts 81, pp. 293-294]. 

The prime condition requisite for the formation of a glacier is that a 
residual layer of snow, representing the excess of accumulation over 
wastage, shall remain in place each year and become incorporated in the 
ice mass. In the temperate regions this new snow is transformed in the 
course of a few months into a fairly hard, granular substance called 
ncvB or fifn (French and German terms, respectively, that originated in 
Switzerland and now are used by glaciologists the world over) ; and this 
substance, again, is transformed in the course of many years, by processes 
and under conditions to be described farther on, into compact, glassy, 
crystalline glacier ice. In the polar regions, where the firn remains 
frozen the year round, the transformation is much slower. 

The continued addition of annual layers of firn, however, does not 
cause the thickness of a glacier to increase indefinitely, for, when the mass 
attains a certain minimum thickness, its own weight suffices to overcome 
its rigidity as well as the frictional resistance of its base and to initiate a 
sluggish flowdike motion whereby a continuous transfer of excess ice is 
set up from the area of accumulation to areas of predominant wastage. 
Thus a mountain glacier originating in the frigid Alpine Zone of a mountain 
range will gravitate, streamwise, down slope into successively lower and 
warmer zones, where the ice is finally converted into runoff. If the 
excess of ice is sufficiently great, the ice stream may reach down even to 
levels where the climate is warm enough to support a luxuriant vegetation. 
The Nisqually Glacier, on Mount Rainier, Washington, for instance, 
makes a total descent of about 10,000 feet in altitude. In 1940 its 
terminus laj^ at an altitude of 4,250 feet — nearly 3,000 feet below the 
timber line. An ice cap, on the other hand, tends to spread out laterally, 
in all directions permitted by the terrain, by reason of the differential 
pressures existing within its mass, and its margins advance over the land 
until they reach either warmer regions, where they melt, or the sea board, 
where they break off in icebergs. 

The minimum thickness that is required for the inception of plastic 
flow in a glacier is, in the temperate regions, quite moderate — a matter of 
only 100 to 150 feet. That fact became evident to the writer when he was 
mapping the higher peaks of the Bighorn Mountains of Wyoming, in 
1898-1899 [65]. Of the numerous valleys carved in the flanks of those 
peaks (by preglacial stream erosion) only those well over 100 feet in depth 
showed definite signs of glaciation — that is, of erosion by moving glaciers 
during the Pleistocene epoch; the shallower valleys had remained unglaci- 
ated and were only nivated — that is, subjected to frost action associated 
with annual snow drifts. Moreover, certain valleys that had contained 
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glaciers several miles in length proved to be unglaciated at their heads, 
the latter being too shallow, only 100 feet or less deep. It was thus clear 
that in these fairly steep mountain valleys glacier motion did not set in 
until a point was reached where the firn attained a minimum thickness of 
100 to 150 feet. 

Closely similar estimates were arrived at by another method by 
Demorest [29] in Glacier National Park, Montana. He reconstructed, 
with all data available, the longitudinal profile of the little ■ Clements 
Glacier, from the top of its last terminal moraine up to the cliff at its head, 
and thus found that when the ice surface was flush with the top of the 
moraine that glacier was at most only 200 feet thick. There was ample 
reason, furthermore, for believing that plastic flow occurred when it was 
somewhat thinner. Demorest therefore concluded that a thickness of 
“probably more than 100 feet but certainly less than 200 feet” had been 
sufficient to initiate flowage in the Clements Glacier. He further calcu- 
lated, on this basis, the minimum pressure that was required to cause 
flowage. Assuming a thickness of ice of 150 feet, he found that the 
pressure exerted on the basal layers would amount to 4 kilograms per 
square centimeter (57 pounds per square inch). In the polar regions, 
where negative temperatures penetrate into the ice to depths of several 
hundred feet, the initiation of glacier motion doubtless requires much 
greater pressures. 

By virtue of the inherent mobility of glacier ice under pressure, which 
prevents it from accumulating indefinitely, glaciers of all types function 
as links in the endless chain of water circulation, from ocean to atmos- 
phere, from atmosphere to land, and from land back to ocean. At the 
same time, because of the exceeding slowness of their motion, they act as 
reservoirs, retaining for long periods the water-substance received before 
again releasing it. That statement is as true of the smallest glacieret 
ensconced in a mountain recess as of a trunk glacier many miles in length, 
or of an ice sheet of continental extent. In a glacieret 3,000 feet long, 
situated in a shady cirque in the Ural Mountains, Aleschkow [7] counted 
220 annual layers of ice. The oldest of these therefore had been “in 
storage” for fully two centuries. To American hydrologists this instance 
may be of especial interest, as the small cirque glaciers on the western 
mountains of the continental United States are comparable in size to 
Aleschkow’ s glacieret and probably have had a somewhat similar history. 

In a trunk glacier many miles in length a full count of the annual ice 
layers can rarely be had, because in the course of such a glacier’s descent 
over its irregular bed these layers become distorted and broken and, in 
addition, obscured by the development of shear planes in the ice, some of 
which are difficult to distinguish from bedding planes between depositional 
layers. However, if the rate at which the ice in such a glacier moves 



156 


HYDROLOGY 


forward from day to day and from year to year is known, an estimate can 
be made of the length of time that it takes a particle of ice to travel from 
the head of the glacier down to its terminus. 

A particularly favorable subject for such a calculation is the Unteraar 
Glacier in Switzerland, for observations have been made over a period of 
82 years — from 1840 to 1922 — on the progress of a large boulder that lay 
on its surface, close to the line of maximum velocity. (That boulder was 
originally the caprock of a colossal “glacier table” in whose ice pedestal 
Louis Agassiz and his companions had hewn a chamber that served them 
as an abode for three successive summers while they were studying the 
motion of the glacier.) In 82 years that boulder traveled a distance of 
2.858 miles. The mean rate of movement of the ice therefore was about 
184 feet per year. If that rate were constant throughout the entire 
length of the glacier, which is close to 10 miles, it would take a particle of 
ice 287 years to travel from its head to the terminus. However, the 
stretch covered by the boulder comprised the middle third of the glacier, 
in which movement is much faster than in either the upper or the lower 
third. Especially toward the terminus, where the glacier becomes pro- 
gressively thinner, the movement slows down to a mere fraction of the rate 
observed in the middle portion. It follows that the time of transit of a 
particle of ice down the whole length of the glacier' may readily be 500 
years or more. The ice which one beholds at the terminus of the Unteraar 
Glacier is therefore probably not less than five centuries old. 

The length of time that ice may remain stored in an ice sheet of 
continental proportions is to be reckoned, undoubtedly, in thousands of 
years rather than in hundreds. Inasmuch as the movement in an ice 
sheet takes place chiefly in the mobile lower layers, under the pressure 
exerted by the less plastic upper ones, it can not be measured at the surface 
and must perforce remain a matter of conjecture. Nevertheless, con- 
servative minimum estimates can be based on reasonable assumptions. 
Thus, by taking such data as are now available regarding the thickness of 
the ice sheet of Greenland, the nature of its internal motion, and the topog- 
raphy of the land surface upon which it lies, the writer has made rough 
calculations that show that a particle of ice would require probably not 
less than 10,000 years to travel from the top of the main ice dome to the 
west coast of Greenland. If that estimate is anywhere near the truth, 
then it appears that some of the ice in the icebergs that break off from the 
great fiord glaciers may date from the end of the glacial epoch. 

Much older, even, must be some of the ice that reaches the coasts of 
Antarctica — more especially the coast facing the Indian Ocean. If any 
of that ice has come all the way from the “ice divide” back of the Queen 
Maude Range, it must have traveled air-line distances of 1,400 to 1,800 
miles, with a mean surface gradient of only 6 or 7 feet per mile. Assuming 
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a mean rate of movement of one foot per day — which is probably excessive 
— that ice would’ have been in transit fully 20,000 years. It would date 
from the time of the last climax of the Wisconsin stage of the Pleistocene 
ice age. 

Not all ice caps, however, contain such ancient ice. There are good 
reasons to believe, as will be explained farther on, that the little second- 
ary ice caps that surround the main ice cap of Iceland, and many of the 
small independent ice caps on the otherwise ice-free fringe of land around 
the inland ice of Greenland (Figure 6) contain ice that is at most a few 
hundred years old. 

REGIONS OF SNOW ACCUMULATION, AND THE SNOW LINE 

Regions where the climatic conditions permit continual accumulation 
of snow in excess of wastage are commonly referred to as regions of 
perpetual snow, and their lower limit of altitude is known as the snow line. 
Unfortunately, both terms are misleading and represent vague concepts 
that presumably were based largely on observations made from afar, for, 
as every alpine climber and arctic explorer knows, there is really no such 
thing as perpetual — that is, permanent, snow. If any considerable part 
of a mountain range or a polar land is perennially mantled with snow, 
then snow is accumulating there and forming glacier ice. It seems prefer- 
able, therefore, to employ the term region of snow accumulation. As for 
the snow line, it would perhaps more logically be termed the ice line, but 
that term, too, is open to objection, as all of the major mountain glaciers 
and the fringes of most ice caps descend below the lower limit of snow 
accumulation, and many minor glaciers even originate below it, as will be 
shown presently. The term snow line therefore will be retained here, but 
in the sense of the level above which snow accumulates .from year to year 
to generate ice bodies over a large part or all of the land, depending upon 
latitude, altitude, and topography. It will be called the regional snow line. 

It might be thought that the regional snow line, as thus defined, would 
coincide with the highest level to which the snow cover retreats at the end 
of the melting season — the autumnal snow line — but actually the two 
lines coincide only on the smooth, broadly curving surfaces of ice caps. 
On boldly sculptured mountains the accumulation and conservation of 
snow are controlled by so many local factors — chiefly by wind direction, 
insolation, and angle of slope — ^that the autumnal snow line is not a line 
at all but a broad, patchy zone in which small isolated ice bodies lie in 
sheltered places at many different levels. The regional snow line therefore 
must lie at the upper limit of that patchy, transitional zone. It corre- 
sponds in some measure, though not exactly, with the climatic snow line 
of the European glaciologists, which is the level above which snow accumu- 
lates indefinitely on flat surfaces fully exposed to sun and wind. As such 



158 


HYDROLOGY 


surfaces are absent in most mountain regions, however, the climatic snow 
line is little more than a theoretical concept. The regional snow line, on 
the other hand, is an observable thing, though, of. course, more clearly 

defined in some areas than in others. 

Lack of definite criteria for its determination has resulted in large 
discrepancies between the altitude figures which different explorers have 
reported for the snow line in certain mountain regions, and there is 
reason to suspect that in some instances the observers, misled by the 
nature of the term snow line, have looked for snow when they should have 
looked for ice. Making due allowance for inconsistencies of this kind, 
and relying chiefly on the data of the more recent observers, one may 
pursue the regional snow line over the entire Earth as follows: 

At the Poles the snow line is, according to Bonacina [12, pp. 81-82], not 
at sea level but somewhat above it. Thence it rises, subject to sundry local 
climatic influences, toward the equatorial regions, where it attains altitudes 
well over 16,000 and, in places, close to 19,000 feet. The land areas that 
lie within the zone of snow accumulation consequently have their greatest 
extent at and about the Poles, and it is there that all of the ice sheets and 
ice caps now extant are situated. In the middle latitudes the snow line 
rises to such great altitudes that only the higher paountains can bear 
glaciers, and with further approach toward the Equator the areas of 
permanent land ice contract until at last they are restricted to the tops of 
the highest peaks. 

Antarctica is almost completely mantled with ice. Only the higher 
peaks of its mountain backbone (11,000 to 12,000 feet in altitude) rise 
above the surface of its ice sheet, and some of the coastal cliffs are bare. 
So superabundant is the supply of ice — in spite of the fact that the ice 
sheet at present is in a distinctly depleted state — that it literally flows off 
the continent on all sides and spreads out upon the sea for hundreds of 
miles as floating shelf ice. Including the shelf ice, indeed, the ice sheet is 
several thousand square miles larger than the continent. Its total area 
is estimated at about 5 million square miles, and that is, as has been 
pointed out by Gould [43, p. 836], “a much larger area than was occupied 
by any of the great ice sheets which covered parts of North America and 
Eurasia at the culmination of the Pleistocene.” It is noteworthy, further, 
that each of the numerous islands off the coast of Antarctica bears an 
individual ice cap and that even the shelf ice receives an annual increment 
of firn and is largely composed of it. 

No such wholesale glacierization — to use the term introduced by 
Wright and Priestley [104, p. 134] — ^is to be found anywhere in the northern 
hemisphere. Even in the Franz Josef Archipelago, in latitudes 80° to 
82° N., the snow line lies 150 to 250 feet above sea level and the ice does 
not cover the land completely. In the Spitsbergen Archipelago, in 
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latitudes 76°-30' to 80^-30' N., the snow line rises to altitudes above 

1.000 feet and sufficient land is ice-free to permit the maintenance of 
permanent settlements and the mining of coal. The Vatnajokull, the 
famous ice cap of Iceland, in latitudes 64° to 64°-40^ N., covers but one- 
tenth of the surface of that island. Its area measures about 3,400 square 
miles, and the snow line rises from 3,000 feet at the southern margin to 
4,600 feet in the central portion. 

In Greenland (Figure 6), which extends from about latitude 84° N 
southward to latitude 60° N, a distance of about 1,650 miles, the snowline, 
as a result of varying climatic influences, ranges from less than 1,000 
feet up to 4,500 feet. Partly owing to the great height of the snow line, 
and partly because it is hemmed in by coastal ranges, the ice sheet of 
Greenland, though the second-largest, and probably the thickest in the 
world, covers only about 85 per cent of the entire land surface. Through- 
out the greater part of its extent it leaves untouched a marginal strip of 
land, 10 to 100 miles in width. That marginal strip, nevertheless, is not 
entirely ice-free, for it bears many local ice caps and glaciers. The total 
area of the inland ice, as it is commonly called, is variously estimated at 

700.000 to 715,000 square miles. 

In Norway, whose high plateaus, in latitude 61°-40^ N, are covered 
with small ice caps, the snow line rises to 6,000 feet. In the European 
Alps it attains 8,000 feet, and locally, even, 9,500 feet. In the Caucasus 
the snow line ranges up to 11,000 and even 12,000 feet. 

In North America the snow line rises slowly along the moist west 
coast from 5,000 feet in Alaska to 6,000 feet on Mount Olympus, which 
overlooks Puget Sound. Farther south, owing to increasing dryness, it 
rises rapidly to 10,000 feet on Mount Hood, in Oregon, and to nearly 

14.000 feet on Mount Shasta, in northern California. Thence southward 
no other peak in the United States, not even Mount Whitney (14,495 feet), 
is high enough to have a snow line. In Ecuador the great volcanoes 
Cotopaxi (19,613 feet) and Chimborazo (20,498 feet), which stand just 
south of the Equator, bear permanent ice at altitudes well above 16,000 
feet, 

these figures, however, do not form part of a steadily ascending series, 
for solar radiation, which varies inversely with the latitude, is but one of 
several factors that control the altitude of the snow line. Abundant snow 
precipitation in winter, coupled with cloudy and humid summers, such as 
are characteristic of a mairitime climate, tends to depress the snow line, 
and scanty snowfall and dry, sunny summers such as are characteristic 
of a continental climate, combine to raise it. Therefore the snow line rises 
from the humid coast of a continent toward its relatively arid interior. 
In Alaska, for instance, the snow line rises from 5,000 feet on the Chugach 
Mountains, which face the coast, to 7,000 feet on the Wrangell Range, 
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which stands 75 miles farther inland, and to about 7,500 feet on the Alaska 
Range, which is situated still farther in the interior. 

The movement of cyclonic storms along certain habitual paths, and the 
predominance of anticyclonic winds in other areas, also determine in large 
measure the distribution of glaciers and account for some apparently 
anomalous contrasts in their distribution. The ice sheet of Greenland, 
which is nourished chiefly by snow-bearing cyclones coming from the 
southwest, attains a thickness of probably over 6,000 feet, but parts of 
the North Canadian Archipelago and of northern Alaska, which lie in the 
same latitudes as Greenland, are devoid of glaciers because of extreme 
aridity due to anticyclonic winds. 

Closely similar are the conditions in northern Siberia. Although 
situated in part to the north of the Arctic Circle, and afflicted with an 
intensely cold winter climate, it bears no ice sheet but only small cirque 
glaciers on its higher mountains. Nor was it completely covered by an 
ice sheet during glacial times. Over large areas the soil has never been 
protected from the cold by a glacial mantle, and, according to Nikiforoff 
(68), that circumstance accounts for the great depth to which the ground 
in northern Siberia is permanently frozen. The present climatic con- 
ditions, nevertheless, he believes to be responsible in some measure for the 
perpetuation of that remarkable condition. At Yakutsk, in latitude 
62°-30' N, a well dug for water reached a depth of 382 feet without 
disclosing anything but frozen ground. At the bottom the tempera- 
ture of the ground was 26.6°F, and from the temperature gradient 
observed it has been calculated that the ground ma}' be frozen to a 
total depth of 550 to 650 feet. The ground at Yakutsk consists of alluvial 
sediments. 

To return to the Equatorial regions, one would hardly expect to find 
any glaciers on a tropical island in the Pacific Ocean, yet there is a notable 
occurrence of that kind. The Nassau or Snow Mountains, in the Dutch 
part of New Guinea, though only 4 degrees south of the Equator, are so 
bountifully supplied with snow that they bear several small glaciers 
in spite of their tropical environment. One of those ice-bodies is a 
miniature ice cap covering a slanting plateau. On these mountains the 
snow line is at an altitude of about 16,000 feet (von Dosy, 98). In 
contrast, on the Himalayas, which stand 27° to 30° north of the Equator, 
but relatively far from the sea, the snow line ascends to 17,000 feet on the 
wet south side and to 18,000 feet on the dry north side. On the Kuenlun 
Mountains, to the north of desiccated Tibet, the snow line is said to range 
up to 19,000 feet. On the Kilimanjaro group, in central Africa, the snow 
line reaches about the same altitude, but nowhere in the wmrld does it 
attain so gi*eat a height as in the Maritime Cordillera of southern Peru. 
According to Bowman (13, p. 284) the Chachani Range there bears 
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perennial ice only at altitudes above 20,000 feet, and the great volcano 
El Misti bears none at all, though 20,013 feet high. 

THE FIRN LINE ON GLACIERS 

The highest level to which the fresh snow cover on a glacier’s surface 
retreats during the melting season is properly termed the firn line. Above 
it accumulation normally continues from year to year, and the residual 
snow remains as firn; below it the glacier’s body is annually divested of 
snow, so that the old granular ice is left exposed and subject to wastage. 
The firn line therefore is really the snow line on the glacier’s surface, but 
European glaciologists prefer to call it the firn line, and it is well that it 
should have a separate name, for on glaciers that originate in recesses 
carved deep in the flanks of mountains — and the vast majority of glaciers 
so originate — the firn line is independent of the regional snow line and lies 
at a considerably lower level. 

One reason is that such glaciers are alimented not by direct precipita- 
tion alone but also in large measure by the wind. The violent gales that 
are prevalent on lofty mountains do not permit the snow to lie in a layer 
of uniform thickness on all features of the landscape but sweep it while 
still in a powdery state from the windward slopes, up and over the crests 
of the mountains, to let it swirl down in the "wind shadows” on their lee 
sides. From the cliffs and steep rock slopes, moreover, the snow is 
discharged in avalanches and so is added to that which has settled directly 
in the sheltered hollows. The combined action of the two processes 
results in the concentration of snow in the hollows at the expense of 
surrounding areas of mountain land. 

Another reason is that the hollows, which originally were narrow 
valle 3 '^-heads incised between spurs, have acquired through long-continued 
glacial erosion capacious amphitheaterlike forms — they have been trans- 
formed into glacial cirques (figure 1), and hollows of that type are particu- 
larly well adapted for the conservation of snow. The masses of snow that 
accumulate in them are of fairly compact form and have less area of 
exposed surface per unit of volume than equal masses of elongated form; 
and in addition they are protected from the sun’s rays for many hours 
daily by the high walls of the cirques. Naturally the most favorable 
combination of circumstances, for both concentration and conservation of 
snow occurs when the lee side of a mountain is also its shady side. Then 
the wind shadows and sun shadows largely coincide in the cirques. 

That cirque glaciers under such favorable conditions can exist at 
altitudes far below the snow line, was first observed in Norway. The ice 
caps of Norway are confined to plateaus at altitudes close to 6,000 feet, 
and their margins in some places indicate rather closely the altitude of 
the regional snow line. Yet 1,000 to 1,500 feet lower down small inde- 
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pendent glaciers lie ensconced in steep-walled cirques carved in the flanks 
of the plateaus. These cirque glaciers are nourished very largely by 
snow blown down from the ice caps and, in addition, they are effectively 
conserved by the cool shadows of the cliffs about them. 

Analogous drift glaciers occur on the promontories that rise between 
the fiords of Greenland. Their true nature was first recognized by T. C. 
Chamberlin [20, pp. 207-209] on the west coast of Greenland. Pedersen 
[70, pp. 259-260] has reported the existence of such glaciers on south-facing 
bluffs near Scoresby Sound, on the east coast. In that latitude (70 N), 
evidently, the sun’s radiant heat does not suffice to offset the accumulating 
power of the northerly winds, and shadows are not essential for the 
con.servation of ice bodies below the snow line. 

In each of the examples cited the country above the drift glaciers was 
high enough to have a regional snow line and, even, to bear ice caps, but 
drift glaciers can exist also on mountain ranges that are too low to 
have a snow line. The great majority of the glaciers of the western 
United States are, in fact, precisely so situated. Only the main ice 
streams on Mount Rainier, Mount Baker, Mount Olympus, Glacier Peak, 
Mount Adams, Mount Hood, and Mount Shasta originate definitely above 
the regional snow line, but all of the numerous cirque glaciers and glacierets 
in Glacier National Park, on the Wind River Range, the Cascade Moun- 
tains, and the Sierra Nevada are of the drift type and lie on mountains 
that have no regional snow line at all. In late summer they are usually 
the only white patches that remain in the landscape. 

Transfoemation of snow into glacibe ice 

The freshly fallen snow on the surface of a glacier has a density ranging 
from about 0.06 to 0.16, depending upon its consistency; it is full of air 
and transmits water readily. On the other hand, the ice into which it is 
ultimately transformed in the lower parts of the glacier has a density not 
far from 0.9; it is a compact, coarsely crystalline, glassy ice that contains 
no air spaces between its tightly interlocked crystals and is impervious to 
water. By what processes the change is effected has long been a matter 
of conjecture, quite naturally so as there is involved not merely mechanical 
compaction but also reerystallization and crystal growth — ^molecular 
readjustments that cannot be studied save under a polarizing microscope. 
Within the last few years, however, such microscopic studies have been 
made successfully, and as a result considerable factual knowledge is now 
at hand concerning the successive stages in the metamorphosis of snow into 
glacier ice. 

The first change takes place fairly rapidly. Chiefly by sublimation 
and the migration of individual molecules, in part also by melting and 
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refreeziug, promoted by the infiltration of melt water, the feathery snow- 
flakes lose their delicate plumes and the tabular ones their sharp edges, 
and so they are all transformed into polygonal and approximately equi- 
dimensional granules 0.1 to 0.2 millimeter in diameter. Each of these is 
a single ciystal of the hexagonal system and lies with its optical axis 
oriented normal to the surface of the glacier — that is, in the direction of 
the temperature gradient, the same as the crystals of pond ice. In the 
course of the summer the granules grow in size to about one millimeter; 
they settle closer together, and the entire ma.ss of the preceding winter’s 
snow attains a density averaging 0.45. It then has a firm, granular 
consistency halfw'ay between snow and ice and is properly called neve 
or firn. Our knowledge of the details of this first transition is due chiefly 
to the studies of Gerald Seligman [84] and of members of the Swiss Snow 
and Avalanche Commission [10; 45]. 

Although in a temperate region such as Switzerland infiltration and 
refreezing of melt water undoubtedly play a part in the transformation of 
snow into firn, it is to be noted, nevertheless, that the transformation 
takes place without their aid, but mainly by sublimation, in the polar 
regions, where the upper layers of glaciers and ice caps have negative 
temperatures the year round. Firn one year old there is, however, not 
nearly so hard as in temperate regions. 

The transition from firn to glacier ice was investigated in 1938 by a 
party of British physicists and crystallographers working under the leader- 
ship of Seligman [85] in a low-temperature laboratory hewn in a stationarj^ 
ice apron at the head of the Great Aletsch Glacier, in Switzerland. Prox- 
imity to the International Research Station built on the Jungfraujoch 
enabled them to continue their studies at the altitude of 11,350 feet for 
three consecutive- months. They made thin sections of firn and ice 
obtained from different parts of the glacier and examined them with a 
polarizing microscope, applying the standard methods of optical crystal- 
lography. In short, they analyzed the crystal fabric of firn and of glacier 
ice in the same way that petrologists analyze the crystal fabric of rocks. 
From the petrologist’s point of view, firn and glacier ice are, indeed, 
crystalline rocks in different stages of metamorphism. 

The results obtained by the Jungfraujoch research party may be 
summarized as follows: As the firn grows older and becomes subjected to 
greater and greater superincumbent loads, its density increases at pro- 
gressively slower rates. The granules grow but little in size, but they 
settle closer and closer together, as more and more air is expelled from the 
interstices between them. The firn portion of a glacier is in a constant 
state of shrinkage, and it is readily understandable why more than one 
alpinist has noted hissing sounds at certain points on a glacier where the 
air was rushing out under pressure. 
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When the firn of the Great Aletsch Glacier is three years old and has 
become buried to a depth of 46 feet it attains a density of 0.72, but not 
until it is six years oM and buried to a depth of 75 feet does it attain a 
density of 0.80. At that stage the air passages between the granules 
cease to intercommunicate, and the remaining air is held imprisoned. 
When a density of about 0.84 has been reached, at a depth of fully 100 
feet (age not stated), the transition to glacier ice begins. The granules are 
still only a few millimeters in diameter, and the texture of the mass differs 
vastly from that of old glacier ice such as is to be found at the lower end 
of a glacier, where the ice is made up of intricately intergrown and tightly 
fitting crystals ranging in diameter from one centimeter to more than 10 
centimeters (H inch to over 4 inches). 

The air that is contained in such ice occurs in bubbles entrapped 
within the crystals. It is under strong compression and often causes 
blocks of ice to burst into fragments when released from their confinement 
within a glacier. J. P. Koch [59, p. 12], on his expedition across northern 
Greenland, in 1912-13, found that the air bubbles in ice taken from a shaft 
24 feet deep exerted a pressure of 10 atmospheres. As Koch put it, 
glacier ice is literally charged with an explosive, and the presence of the 
compressed air in it accounts for the disconcerting habit that icebergs 
have of occasionally exploding to bits with a terrific roar. 

There is, however, another and highly significant difference between 
old firn and typical glacier ice. As was revealed by the microscopic 
examinations of the Jungfraujoch research party, the firn granules, as a 
result of their progressive settling, independently of one another or in 
small clusters, come to lie with their optical axes in haphazard positions ; 
but the crystals in the glacier ice lie with their axes more or less definitely 
oriented at right angles to the direction of the glacier’s motion. Where 
differential movement is concentrated in shear zones — ^blue bands, as 
they are commonly called — ^the oriented arrangement of the crystals is 
particularly uniform. Inasmuch, however, as they are too tightly inter- 
locked to turn individually, it can only be inferred that they have been 
recrystallized so as to lie in the proper orientation with reference to the 
shearing stress. This is an extremely important point in connection with 
the moot question of the intimate nature of glacier motion, for it implies 
that the characteristic crystal fabric of glacier ice develops in response to 
the deforming stresses that are active in the basal parts of a glacier, and, 
further, that it facilitates the plastic deformation — the flow— of the ice. 

That ice, in spite' of its well-known brittleness, is capable of plastic 
deformation under properly prolonged and directed pressure has long been 
known, chiefly through the classic experiments of J. C. McConnell and 
D. A. Kidd, in 1888 (63, 64). Ice crystals, being of the hexagonal system, 
are composed of extremely thin plates arranged in a parallel series at 
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right angles to the optical axis. In the experiments mentioned a single 
ice crystal supported at the two ends of its axis was subjected to pressure 
normal to the edges of its plates. These, it was found, then glided over 
one another, causing the crystal to be permanently deformed. Pressure 
applied in the direction of the axis, on the other hand, merely resulted in 
a slight elastic bending of the crystal followed by rupture when the pressure 
was increased beyond the elastic limit. It follows, then, that glacier ice 
is capable of progressive plastic deformation if its crystals are properly 
oriented with reference to the direction of the pressure. 

More recently Bader [10] has found that when a block of ice com- 
posed of variously oriented crystals is subjected to shearing stress most 
of its crystals become reoriented with respect to' the plane of shearing. It 
may then be properly inferred that the characteristic tendency of the 
crystals in old glacier ice to assume a uniform orientation is due to recrys- 
tallization induced by the stresses to which they are subjected, and there 
is good reason to suppose, also, that their remarkable increase in size is 
due to the growth of the favorably oriented crystals at the expense of 
those of their neighbors that are unfavorably oriented. It is a fact of 
observation that glacier ice becomes coarser with increasing age. At the 
terminus of a glacier crystals the size of a fist are not uncommon, and 
crystals “the size of melons” have been reported from the long glaciers of 
Greenland, in which the ice must' be extremely old (Perutz and Seligman, 
71, p. 355). 

The latest experimental researches on the recrystallization of glacier 
ice under deforming stresses have been made in this country by Demorest. 
In 1939 and 1940 he studied the structure of certain glaciers on Mount 
Rainier, cut from them selected blocks of ice, shipped these, packed in 
“dry ice,” to Yale University, and in a low-temperature laboratory there 
examined thin sections of them under a specially adapted polarizing 
microscope. He also succeeded in recording on motion-picture film the 
process of recrystallization as it takes place under moderate but prolonged 
stresses. These researches are still in progress at the time of this writing, 
and only' two abstracts of preliminary reports on the results obtained have 
been published thus far [30, p. 525], but the following statements are here 
set dowm with Demorest’s consent : 

In the first place, his experiments confirm, in general, the tentative 
conclusions of the Jungfraujoch research party, that the transformation 
of the small equidimensional firn granules to the large, intricately inter- 
grown crystals of glacier ice is effected by' recry'stallization induced by 
the deforming stresses that are active in the basal parts of a glacier. 

As to the precise nature of such recry'stallization, his researches 
suggest as probably most important a sudden reorientation of the crystal 
axis and reorganization of the lattice structure of the parallel plates in a 
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new position that will permit their gliding under the existing pressure. 
This he would term “instantaneous recrystallization.” Next in impor- 
tance he would place the process of “ regelation, ” involving partial 
melting of the crystals at points of contact where they are subjected to 
the most intense pressure, followed by prompt refreezing when the pres- 
sure is relieved. This process naturally would be most effective in 
temperate regions where the temperature in the basal portion of a 
glacier is at or near the pressure-melting point throughout the year. In 
the polar regions, where the temperature of the ice is below the melting 
point for long periods, regelation doubtless is subordinate to sublimation. 
A third possible process is “recrystallization as a result of nuclear develop- 
ment and growth” at separate centers, after the manner in which new 
crystals originate in metals in the process of annealing. 

Although, manifestly, further research of this type needs to be made 
before we shall have a complete understanding of these molecular processes 
it is clear that enough has already been done to leave no doubt that the 
apparently plastic deformation and the flowlike motion of a glacier are 
rendered possible by the recrystallization of the ice under the stresses 
that are active in the basal layers. There can be no question, therefore, 
that there exists in the basal layers of every glacier, beneath the superin- 
cumbent firn, a zone of pronounced recrystallization and consequent 
flowage. 


THE KIDDLE 0-F GLACIER MOTION 

To review here, even in briefest form, all of the different hypotheses 
that have been advanced in explanation of the flowlike motion of glaciers 
would extend this chapter far beyond its proper limits. Nor is there, in 
the writer’s opinion, real need of such a review, now that we have gained a 
fair insight into the intimate nature of the molecular processes that 
enable glacier-ice to yield to prolonged stresses like a plastic substance. 
Nevertheless, it will be worthwhile, before outlining the principal types of 
movement that occur in glaciers, to set forth briefly the arguments of the 
two main schools of thought that have been locked in controversy with 
each other on the subject of glacier motion for nearly a hundred years, for, 
as is so often true in prolonged scientific discussions, so in this instance, 
both sides prove to be right to a certain extent ; and, with the new factual 
knowledge at hand we are today in a better position than before to 
evaluate their respective contributions and to harmonize their apparently 
contradictory claims. 

That the motion of the ice in a mountain glacier occupying a valley 
with approximately parallel sides is in many respects comparable with the 
flow of water in a stream occupying a channel with parallel sides became 
manifest as far back as the early 1840’s. when Agassiz, Forbes, and 
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Tyndall instituted systematic measurements on certain glaciers in the 
European Alps. Agassiz selected for his studies the Unteraar Glacier as a 
representative example of a mountain glacier. He set stakes in the ice 
in a straight line at right angles to the glacier’s axis, and by accurate 
measurements from time to time, over a period of six years, determined 
their displacement by the movement of the ice. Thus he established the 
fact that the movement is fastest at the middle of the section and thence 
decreases differentially toward the sides. The velocity curve across the 
breadth of the glacier, as indicated by the stakes, proved to be closely 
analogous to the velocity curve across the breadth of a river, the only 
difference being that the ice in the glacier moved at an extremely slow rate 
as compared with the water in a river. 

A glacier, it was thus apparent, has a central “ current,” like a stream 
of water, and the differential decrease of the velocities toward the sides is 
obviously due to the same causes as in a stream, namely, to the frictional 
resistance of the channel walls, on the one hand, and to internal friction, 
on the other hand. Agassiz’ figures for the surface velocities are given in 
the table below, converted into English units. They represent the mean 
rate of ihovement per year for each stake during a three-year period. 


Description of point 

Distance from 
left margin 
(in feet) 

Mean velocity 
per year 
(in feet) 

Left margin 

0.0 

9.8 


98 4 

18 4 


246 0 

67 9 


492.0 

159.7 


735 0 

181.4 


1,2303 

206.0 


1,722.4 

211.1 

Central current 

2,313.0 

231 0 


3,198.8 

210.3 


3,572.8 

156 2 


3,986.2 

130.6 


4,281.5 

1 39 0 

Right margin 

4,478.3 

5.2 


While Agassiz was engaged in these studies on the Unteraar Glacier, 
Forbes was making similar studies on the Mer de Glace, one of the main 
glaciers of the Mont Blanc chain in Savoy. His findings accorded closely 
with those- of Agassiz and tended further to strengthen the analogy 
between glacier motion and stream flow. Indeed, without going into 
details, it may be said that the various facts disclosed by these early 
pioneer investigations, taken together, demonstrated fully the appropri- 
ateness of the appellation "ice stream” (fleuve de glace) which Bishop 
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Rendu [78] had previously applied to mountain glaciers, largely on the 
basis of his intuitive understanding of their mode of movement. So 
deeply impressed was Forbes with the analogy between glaciers and 
streams that he finally announced it as his conviction that a glacier is 
essentially a stream of imperfectly fluid, or highly viscous material. 

Forbes’ “viscosity theory,” however, soon met with strong objections 
from Tyndall. The latter pointed to the crevasses in glaciers, which 
afford proof of the limited tensile strength of glacier ice, and he pointed 
to the manner in which glaciers break into a chaos of blocks and seracs 
where they descend over abrupt breaks in their beds. These facts, he 
declared, afford evidence of rigidity and brittleness, the opposites of 
viscosity and toughness. Though in some places the motion of a glacier 
simulates the flow of a fluid, therefore, he insisted that it is not flow 



Fig. V-3. — Cross, section of Hintereisferner and curve of surface velocities as determined by 
Bliimke and Hess. The curve bears a definite relation to the configuration of the glacier channel. 
Elevation figures on cross section are in meters above sea level. Velocities are expressed in meters 
per year. 

properly speaking, and that, after all, a glacier is and remains a mass of 
solid, crystalline ice throughout. 

In order to account for a glacier’s ability to mold itself progressively 
to the curves and irregularities of a narrow, winding mountain valley, he 
appealed to the action of a process which Faraday’s experiments with ice 
as well as his own had demonstrated in the laboratory and which he termed 
“regelation.” Two pieces of ice, when placed in contact with each other, 
at a temperature near the melting point, soon freeze together; and likewise, 
when ice is broken into miscellaneous fragments, these fragments under 
moderate pressure again unite. Ice, he found, can be given any desired 
shape by breaking it into fragments and letting the fragments freeze 
together in an appropriate mold. Thus, he supposed, the brittle ice of a 
glacier, as it moves down through its irregular channel, cracks and shears 
in innumerable places, only to freeze together again. Its temperature 
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being near the melting point throughout, there would be momentary 
melting at the fracture and shearing planes due to pressure, promptly 
followed by regelation when the pressure is relieved. In this connection 
Tyndall pointed to the “blue bands” that characteristically traverse the 
lower end of a glacier in parallel series. These bands he interpreted to be 
shear planes on which slipping movements had taken place, the ice having 
been momentarily liquefied and then refrozen. He likened them to the 
cleavage planes in slate, which geologists interpret as shear planes produced 
by slippage under powerful differential stresses. 

Thus originated the two opposing conceptions of the nature of glacier 
motion — ^the conception of flow by continuous, plastic yield, and the 
conception of spasmodic fracture and shear followed by regelation. 
During the ensuing decades the proponents of the flow theory found 
plenty of support in the results of elaborate and refined measurements 
on the movement of the Rh6ne Glacier, instituted in 1874 by the Swiss 
Alpine Club, and on the movement of the Vernagtferner and Hintereis- 
ferner in the Tyrol by Blumke and Hess [11] in 1896 and 1898. Of no 
little interest were All^ert Heim’s experiments on the Rhone and Hiifi 
Glaciers. Across each of those glaciers he laid a row of small dark 
stones touching each other. The straight row was gradually transformed 
into a smooth curve bowed downstreamward, and it was a notable fact 
that at no point was this curve broken by any angular offsets such as 
would have been produced by localized shearing movements. 

Strong confirmation was found also in the results of the various labora- 
tory experiments in which crushed ice placed in a pressure chamber was 
made to flow out through an orifice, much like water from a spigot. The 
ice in such experiments extruded completely recrystallized in the form of 
a clear, glassy rod. It flowed out more slowly at low temperatures than 
at 32° F, but the fact of prime importance was that it did flow even at 
temperatures so low that there could not possibly have been any pressure- 
melting followed by regelation. Elaborate experiments of this kind were 
made notably by Tammann [91] and by Hess [50, p. 17]. The latest 
were made by Tarr and von Engeln at Cornell University in 1911-12 [94]. 

All these experimenters, it should be understood, realized that they 
were dealing, not with “viscous flow” in the true sense of the term, but 
with the plastic deformation of a crystalline substance, which process is, 
in many respects, analogous to the “solid flow” of cold-rolled metals. 
However, to von Engeln it seemed hardly possible that the'limited capacity 
for plastic deformation that ice crystals have (by the gliding of their 
basal plates) could adequately account for the ease with which the ice in 
the experiments flowed out, and he therefore appealed to an auxiliary 
agency in the form of a lubricating film of saline solution between the ice 
crystals. In this he followed Quincke’s conception [75] that the crystals 
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in glacier ice are of the nature of “foam cells” separated from one another 
by oily films having a slightly lower melting point than pure ice. In 
Europe, it is true, traces of Na, Cl, NH 4 , SO 4 , and particles of dust have 
been found in newly fallen snow, and it is well known that some impurities, 
organic as well as inorganic, are brought down out of the atmosphere by 
snowfalls and rain in all parts of the world. But the percentage quantity 
of such foreign matter that becomes incorporated in glacier ice is likely to 
be minutp, except, of course, on stratification planes in glaciers that were 
exposed to the weather for a considerable time before being covered by 
fresh snowfalls. Whether interstitial impurities in the form of lubricating 
films can, intrinsically, be important agents in promoting the flow of glacier 



Fig. V-4. — Sketch showing lines of flow of a glacier deflected by an obstruction. The straight 
arrows indicate the direction of the ice movement as a whole. The curving arrows follow striae 
indicating local deflection of the flow. There is no evidence of shearing. The obstructing slab is 
about 4 inches high, (After Demorest.) 


ice, moreover, seems doubtful from another point of view. Whereas 
they may conceivably facilitate differential movement among the equidi- 
mensional granules of the firn, they can hardly do the same among the 
irregularly shaped and tightly interlocked crystals of true glacier ice— 
and it is to be borne in mind that the bulk of a glacier is made up of such 
crystals. It seems justifiable, then, to conclude, in the light of present 
knowledge, that the plastic flow of ice, as observed in laboratory experi- 
ments and as occurring in glaciers, is rendered possible chiefly by recrys- 
tallization and the inherent capacity of the individual ice crystals for 
deformation under steadily applied forces. 

Particularly convincing proofs of flowage in the basal layers of a 
glacier were found recently by Demorest [29] in Glacier National Park, 
Montana, in the form of glacial striae graved in a rock floor that was 
freshly exposed to view as a result of the recession of a small glacier. 
The rock floor was composed of thin, flat-lying beds of argillite cut by 
two sets of vertical joints extending at right angles to each other. The 
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glacier’s principal eroding action had consisted of quarrying out rec- 
tangular slabs of this rock, thereby producing a series of square-cut steps, 
a foot to two feet high, in the floor. Down over these steps the debris- 
laden ice had moved, leaving distinct striae in the fine-grained argillite to 
indicate exactly the paths it had followed. Curving around obstacles 
and winding sinuously in and out of small transverse trenches due to the 
removal of individual slabs, these striae revealed deflections of the flow- 
lines of the ice that were of precisely the same pattern as the deflections 
of the flow-lines in a sheet of water descending over such a rock floor 
(figure 4). So complete was the analogy, even as to eddying currents in 
pockets and recesses, that Demorest felt justified in declaring that the 
flow of the ice in the basal layers of the glacier had apparently taken place 
"in response to the laws of fluid mechanics.” 

The courses of- the striae shown in Figure 4 speak for themselves. 
Obviously, if shearing were the principal element of glacier motion, the 
ice of the glacier would have sheared on meeting the obstructing slab, and 
the striae would have had angular, more or less broken courses instead of 
smoothly curving ones. 

The advocates of the shear-and-regelation theory, on their side, have 
ever pointed to the actual existence of shear planes and oyerthrusts in 
glaciers. T. C. Chamberlin [19, pp. 205-210)] on his explorations in 
Greenland discovered in the terminal portions of many glaciers unmis- 
takable evidence of both small differential movements on shear planes 
and of large-scale thrusting on what may properly be termed fault planes. 
Such movements, he rightly insisted, indicate rigidity of the ice rather 
than plasticity. In Europe H. Philipp [72] has made particularly detailed 
studies of the thin "blue bands” of clear ice that occur in glacier tongues, 
forming concentrically curving series separated by broader bands of 
whitish ice containing air bubbles. These blue bands, he maintained, are 
slippage planes along which the ice had been crushed and liquefied and 
then refrozen. In his diagrams he pictured them arranged in concentric 
boatlike forms, roughly paralleling the outlines of the glacier’s ternoinus 
and dipping inward toward its axis. 

The rate at which localized shearing movements take place in glaciers 
is not readily measured because it is extremely slow, yet a few successful 
measurements have actually been made. Sherzer [86] in 1905 observed in 
the sloping ice front of the Victoria Glacier, in Canada, certain small 
overhangs that, he surmised, were produced by overthrusting movements 
along discrete shear, or fault planes. Driving a set of spikes into the 
ice immediately above one of these overhangs, and another set immediately 
below it, he found that in the course of 7 days the upper ice layer had 
advanced 6.9 inches over the lower, in spite of the fact that its exposed 
surface had melted back at a mean rate of 1.75 inches per day, while the 
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surfacB of tlie lower layer had melted back at a mean rate of only 1.53 
inches per day. The net mean rate of the overthrusting movement was 
1.2 inches per day. 

More refined measurements, with an automatically recording "shear- 
meter” have been made by Rollin T. Chamberlin [16]. Though not 
successful in detecting differential movement in blue bands, he did obtain 
good continuous records of thrusting movements on a discrete shear plane 
in the terminus of the Brenva Glacier, on the Italian side of the Mont 
Blanc chain. These records revealed slow, steady shearing alternating 
with spasmodic instantaneous slips of small amplitude. There were also 
brief intervals when the movement ceased altogether, but in the main it 
was continuous, during the night as well as during the day. 

To Seligman’s Jungfraujoch research party belongs the credit of 
having first demonstrated that shearing movements occur in the blue 
bands [Perutz and Seligman 71]. In the wall of an ice grotto in the lower 
part of the Eiger Glacier, in Switzerland, they placed a series of screws 
exactly along a plumb line crossing one of these blue bands. In the course 
of 14 days an offset of 3.5 mm (0.2 inch) had been produced in the line of 
screws at the point where it crossed the blue band, showing that the upper 
mass had been shoved bodily over the lower one. The screws in the upper 
mass remained in a vertical line, that mass having behaved as a rigid 
body; but the line of screws in the lower mass had become bent, the ice 
there having suffered plastic deformation as a result of the "drag” exerted 
by the upper mass. Within the blue band itself there was no discrete 
parting or crack, but the ice crystals were much larger than in the adjacent 
ice, and the air had been expelled from them and segregated into a series 
of large, flattened bubbles lying in a plane at the upper boundary of the 
band. Microscopic examination of a thin section cut from the band, 
furthermore, disclosed that on an average five out of six crystals in it lay 
with their basal plates parallel to the plane of the band. It was therefore 
concluded that they had been recrystallized with this predominant orienta- 
tion as a result of the shearing stresses to which they had been subjected. 

Demorest’s recent studies of blue bands in the glaciers of Mount 
Rainier have since confirmed the essential correctness of these observa- 
tions. He also noted that such blue bands are not clean cut fault fractures 
in the ice but consist, as viewed in cross section, of a line of large crystals 
whose predominant orientation, with their basal plates parallel to the 
plane of each band, appears to be due chiefly to recrystallization induced 
by differential movement [30]. 

During the past decade, however, it has become increasingly clear to 
a number of glaciologists that neither plastic flow alone nor rigid shearing 
alone accounts for all of the different phases of glacier motion that have 
been observed. It has come to be realized that both types of motion 
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occur in association with each other. That realization is evident from 
the naore recent writings of Roliin T. Chamberlin (17, 18), although his 
special interest has ever been in the study of shearing movements in 
glaciers. It is evident likewise from the writings of von Engeln [100] and 
Demorest [29], although they are interested primarily in demonstrating 
the reality of plastic flow. It stands out clearly from Washburn’s interpre- 
tation of the sinuous morainic bandings of the Malaspina Glacier and the 
thrusting phenomena displayed in certain other glaciers in Alaska [101]. 

How, then, it may be asked, is this paradoxical combination of plastic 
flow and rigid shearing in glaciers to be explained? Why, if glacier ice 
is capable of flowing in smooth curves around obstacles, following “the 
laws of fluid mechanics,” as exemplified in Figure 4, should it’ shear at all? 
The reason, which has been set forth only quite recently by Demorest 
(in manuscript still unpublished at the time of this writing) is really a 
simple one, but before it can be stated it is necessary first to explain the 
two different modes of flow that occur in glaciers and each of which under 
appropriate circumstances may be accompanied by shearing movements. 

THE MOTION OF ICE STREAMS 

It is an orthodox belief that in a mountain glacier movement is 
fastest at the surface and thence decreases differentially downward to 
a minimum at the bottom. The original basis for that belief is found, 
doubtless, in the velocity measurements which Forbes, Martins, and 
Tyndall in succession made on pegs driven at different heights in vertical 
ice walls in certain Swiss glaciers. Those pioneer observations of the 
1840’s and 1850’s actually disclosed a progressive decrease in the velocities 
from the surface downward, but, it is to be noted, they were all made on 
glacier tongues descending fairly steep gradients under the direct pull of 
gravity. It was not suspected by those early observers that in those 
parts of their courses where mountain glaciers move over nearly level 
stretches, or through basins — and all geomorphologists now know that 
mountain glaciers do excavate basins in valley floors — ^the velocities are 
distributed quite differently, the line of maximum velocity being near 
the bottom instead of at the top of the section. (See Figure 5.) That such 
is a fact is now definitely established by a number of independent observa- 
tions. There are, then, two distinct and contrasting types of flow struc- 
ture in mountain glaciers. The reality of these two types will be evident 
from the following brief review : 

Bliimke and Hess [52, pp. 241-242], in connection with their system- 
atic and prolonged studies of the mction and variations of the Hintereis- 
ferner, in the Tyrol, made a number of borings in that glacier in order to 
determine its thickness. One of these borings, in 1901, for some reason was 
abandoned after it had reached a depth of 1 18 feet, and the iron pipe used 
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for the boring was left in the ice. Thirty-two years later that pipe was 
discovered some distance farther down the glacier, projecting several feet 
above the surface as the result of the stripping away of ice by ablation. 
It was no longer vertical but leaning forward at an angle of 23}i degrees, 
thereby showing that its lower end had traveled more slowly than its 
upper end, owing to a decrease in the velocity of the ice from the surface 
downward. 

The pipe in this experiment, it is to be noted, was not long enough 
to penetrate below the zone of crevassing — the so-called brittle upper 
crust” of the glacier — hence its slanting position revealed that even in that 
upper crust there is appreciable differential niovement. It does not 
merely ride passively on the actively flowing basal layers, as is commonly 
believed, but has a slow flowage of its own. Hess does not stress that 
point, but it deserves to be brought out. 

In 1904 Blumke and Hess made another boring, this time reaching 
bedrock at a depth of 702 feet. The iron pipe used for that boring was 
purposely left in place, and during succeeding years observations were 
made on its progressively increasing departure from the vertical, as it 
moved downvalleyward with the ice. At the end of 29 years it was 
leaning at an angle of 241^ degrees, the angle having increased differ- 
entially at a mean rate of 61 minutes per year. Hess calculated that the 
upper end of the pipe (including the lengths that had to be unscrewed 
as the ice surface was lowered by ablation) had traveled a total distance 
of 3,084 feet during the 29-year interval. Assuming that the pipe had 
remained straight throughout its length, its lower end would have traveled 
only 2,756 feet during the same interval, and the bottom velocity would be 
about 90 percent of the surface velocity (in the particular part of the 
glacier where the measurements were made). 

Hess at first [51, pp. 42-43] assumed that the pipe had remained 
straight because he supposed the coefficient of internal friction in a glacier 
to be uniform throughout the entire depth of its section; but later [52], on 
the basis of Bridgman’s experiments on the compressibility of ice [14], he 
took the position that the internal friction increases with the depth in 
the section and that therefore the ice in the basal layers of a glacier has 
less plasticity than at the surface. Neither of these conceptions, however, 
harmonizes with the fact definitely established by the experiments that 
have been made on the plastic flow of ice under slowly applied pressure — 
namely, that the plasticity of ice increases with the pressure. On the 
strength of that fact it is probably safe to say that the pipe in the Hinter- 
eisferner did not remain straight but became bent in a curve convex 
toward the terminus of the glacier. By inference the bottom velocity 
must have been considerably less than 90 percent of the surface velocity. 
The curve of the pipe presumably was roughly indicative of the vertical 
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velocity curve of the ice mass. The latter curve may be imagined to be 
somewhat similar to the vertical velocity curve in a stream of water, 
differing, however, in that its curvature becomes progressively sharper 
toward the bottom, the internal friction in^the ice decreasing with depth 
instead of remaining constant as in water. The velocity curve marked A 
in Figure 5 has therefore been drawn in accordance with that conception. 

That the motion in a firn basin at the head of a glacier may under 
certain conditions increase, instead of decrease, from the surface down- 
ward, was first pointed out by Agassiz [1, p. 270]. He observed that the 
firn strata, which at the head of the basin slope gently downvalleyward, 
become gradually deformed during their passage through the basin, so 
that they reappear at the lower end steeply uptilted — that is, with reversed 
slope. And he therefore inferred that in such a basin the ice moves more 
rapidly at some depth below the surface than at the surface itself. Unfor- 
tunately, that extremely valuable observation and the inference which 
Agassiz drew from it made little impression upon the other glaciologists 
of his time and remained neglected for several decades. As late as 1885 
Albert Heim in his Handbuch der Gletscherkunde [49, pp. 163-164] 
expressed the nebulous state of ideas on the subject as follows: “We do 
not know definitely whether under certain conditions the squeezing out 
of the lower portions [of the ice] by the overlying load does not result in 
the acceleration of the motion below; nor do we know whether the relative 
velocities from surface down to bottom are affected by the seasons in a 
similar way as the relative velocities at the surface of a glacier, from the 
middle out toward the margins, or- whether, possibly, they are affected 
in a different way.” 

Reid [77] was the first to grapple with the problem by making actual 
measurements of the vertical components of the movement within a 
glacier. . He selected a simple tongue-shaped ice stream, the Forno 
Glacier, in the Upper Engadine, in Switzerland. Five rows of stakes he 
planted in the ice — two across the firn basin, one in the vicinity of the 
firn line, two across the glacier tongue, and one across the terminal 
portion. The locations and elevations of all the stakes were carefully 
determined in 1896 and checked in 1897. In addition the thickness of 
firn added during the year above the firn line, and the thickness of ice 
removed by ablation below the firn line were measured. 

The result was that in the firn basin the movement of the ice was 
found to have an appreciable downward component, the highest stakes 
having shifted their positions obliquely downward at an angle of 4°-30' 
to the surface slope of the glacier. The vertical component decreased 
gradually to zero in the vicinity of the firn line, and in the glacier tongue 
below that line there was found to be an upward component that steadily 
increased toward the terminus. The stakes there had shifted their posi- 
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tions obliquely upward with reference to the ice surface, at angles ranging 
from 2° up to 13°-30' near the ternainus. These measurements harmon- 
ized with the observed fact that the firn strata at the head of the glacier 
slope downvalleyward, whereas the ice strata in the glacier tongue dip 
upvalleyward, their inclination becoming steeper and steeper toward the 
terminus. 

Reid therefore drew an idealized longitudinal section of a glacier in 
which the stratification lines run in curves, concave upward, from the 
head of the glacier to its terminus, and in which the lines of flow run in 
still more strongly concave curves. That diagram has for many years 
been the basis of prevailing conceptions of the general structure and the 
flow lines in a glacier. It is now realized, however, that while it fits 
approximately the conditions in a short, simple ice stream descending a 
fairly continuous, unaccidented slope, it is not representative of the much 
more complex conditions in a glacier descending a valley with a roughly 
stairlike longitudinal profile such as is shown in Figure 5. Yet that kind 
of profile is the characteristic product of vigorous and prolonged glacial 
erosion and predominates in practically all glaciated mountain regions. 

Three other observers have since recognized that the depositional 
strata of ice in a mountain glacier have concave, spoon-shaped forms, so 
that their upturned edges crop out at the surface of the glacier at the 
lower end of the cirque and farther down in the glacier tongue; and all 
three have explained this structure as being due to the fact that the line 
of maximum velocity plunges to the bottom of the cirque and there 
l)ecomes what for convenience will here be termed a bottom current. 
Streiff-Becker [90], who for twenty consecutive years (1915-1935) made 
systematic measurements on the Clariden Firn on the Todi group, in 
Switzerland, probably was the first; Aleschkow [7] in 1929 observed the 
phenomenon in a cirque glacier in the Ural Mountains and depicted it in 
longitudinal profile; and Gibson and Dyson [40] rediscovered it' in 1937, in 
the strongly depleted Grinnell Glacier, in Glacier National Park, Mon- 
tana. To Streiff-Becker, however, belongs the credit for having demon- 
strated the existence of a bottom current in a firn basin by a quantitative, 
though approximate, method, and in addition, for having shown that such 
a bottom current is restricted to the firn basin, being replaced by a toj) 
current wherever the glacier flows over a sill or down an inclined bed. 

The Clariden Firn is a broad mass of firn and ice occupying a gently 
sloping, in part probably concave, rock-shelf situated on the Todi group, 
at altitudes ranging from 8,500 to 10,300 feet. At two definitely located 
points he measured annually, at the end of the melting season, the thick- 
ness of new firn added to the mass. He also obtained velocity measure- 
ments at different times of the year. By taking sights to reference points 
of known altitude, moreover, he determined the amount by which the 
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surface-level was being raised or lowered. That surface--level, he found, 
fluctuates up and down, as the firn moves forward in waves, but it is 
remarkably constant in the long run. In 20 years it was lowered but 
slightly. He felt justified, therefore, in concluding that, on the whole, 
the annual increment of firn’ is counterbalanced by the annual outflow 
from the basin. Having an excellent topographic map of the Todi group 
he was able to determine with a fair degree of accuracy the area of the 
firn basin that drains through a certain section. Then, knowing the 
average thickness of new firn that is added annually (2.85 meters), he 
computed the total quantity of firn that passes annually through the 
section, making due allowance for the progressive compaction of the firn. 
The total amounted to about 3,100,000 cubic meters. 

The velocities measured at the surface, however, proved to be alto- 
gether too small to account fcr the annual transport of so large a mass. 
Even if the maximum velocity measured at the middle of the section 
(14.2 meters per year on an average) were effective over its entire width, 
retardation by friction at the flanking rock walls being neglected, only 
952,000 cubic meters, or less than one-third of the total annual increment 
of new firn, would be accounted for. He therefore concluded that in a 
basin of this kind velocities much greater than those measured at the 
surface must occur at some depth in the section. Corroborative evidence 
he found, not only in the deformation and uptilting of the depositional 
layers, but also in two other facts: 1. The crevasses in the firn basin are 
not V-shaped, like those in a glacier tongue, but widen downward to a 
considerable depth before closing up; and 2. boreholes several years old, 
when exposed to view again by the stripping away of the newer firn 
layers during an excessively warm summer, are still vertical, thereby 
showing that the firn has little or no differential motion of its own, but 
rides passively on the more actively flowing glacier ice beneath it. 

Assuming the firn basin to be 110 meters deep, as seemed indicated 
by its general configuration, Streiff-Becker drew successive concentric 
velocity zones in its cross-section, measured the areas thereof by planime- 
ter, and calculated velocities for them that would together suflSce to carry 
off the 3,100,000 cubic meters of firn and ice per year. He thus obtained 
a vertical velocity-curve of the type marked B in Figure 5, the maximum 
velocity in the lower half of the section being 115 meters per year, or 
about eight times the maximum velocity measured at the surface. Assum- 
ing an excessive depth of 200 meters for the section, he obtained a maxi- 
mum velocity pf only 38 meters per year, but the vertical velocity-curve 
was still decidedly of the B-type. His conception of this kind of glacier 
motion therefore was that the more mobile ice near the bottom of the basin 
is squeezed out, so to speak, from beneath the relatively inert overlying 
firn. 
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In reaching that conclusion Streiff-Becker was merely guided by his 
“sense of mechanics/’ as he expressed it; he was unable to present a 
rigorous analysis in terms of mechanics. Moreover, not being a geo- 
morphologist, he missed the point that, fundamentally, the two contrasting 
types of glacier flow, characterized by a bottom current and a top current, 
respectively, are organized in response to topographic controls. But he 
did perceive that glacial erosion must be particularly effective in a basin 
because there the line of maximum velocity is close to the rock bed. 
And that certainly is an extremely important point. The longitudinal 
section of a glacier which he drew to show ideally the manner in which the 
depositional strata are pushed up into tilted altitudes in the firn basin 



Fig. V-5. — Longitudinal section of an ideal mountain glacier showing the locus of maximum 
velocity in its different parts. Over the sills and the straight slopes the locus of maximum velocity 
is at the surface, but in the basins it is near the bottom of the glacier. The vertical velocity curves 
consequently are of two contrasting types, A and B, The A type is representative of simple gravity 
flow; the B type is representative of pressure-controlled flow. 

Shear and thrust planes develop where either of these two types of flow is obstructed by slower- 
moving masses. Only those thrust planes are shown which occur in the terminal portion of the ice 
tongue, where the movement slows down because of decreasing thickness (in this case also because of 
flattening bed slope). 

and,then flatten out again over the siU at the lower end of the basin and 
in the glacier tongue, is not altogether free from inconsistencies, but it 
doubtless presents a truer picture of the progressively changing internal 
structure of a mountain glacier, apart from shear planes and other 
accessory features, than any diagram that had been previously drawn. 

No attempt has been made to show in our Figure 5 the successive 
changes that take place in the attitude of the depositional strata in a 
glacier, but the line of maximum velocity passing from a jaottom current 
in the basins to a top current over the sills and the slopes of sufficient 
gradient, is indicated by arrows, and the velocity-curves characteristic 
of the two modes of flow, A and B, are conventionally sketched in with 
dotted lines. 
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The first well-reasoned exposition, in terms of mechanics, of the 
two modes of glacier flow outlined above has been given by Demorest. 
Although his paper on this subject is still unpublished at the time of this 
writing, the gist of it is presented here with his consent. Where the 
gradient of the bed is suflicient to permit the force of gravity to overcome 
the frictional resistance of the bed, but not so high as to cause the ice to 
break into a cascade, a mountain glacier flows much like a stream of 
water, with a central current, or line of maximum velocity, at or near the 
surface, the vertical velocity-curve being of the type marked A in Figure 5. 
Where, on the other hand, the bed is basin-shaped, or has a gradient too 
low to enable the force of gravity to overcome the frictional resistance 
of the channel, flow is induced by differential pressure within the ice mass 
itself, provided it has attained sufficient thickness and a sufficiently steep 
surface-slope. Under those conditions outflow is most rapid in the basal 
portion of the section, where the ice has the greatest mobility, and 
the vertical velocity-curve consequently is of the type marked B in 
Figure 5. 

For the first mode of glacier flow Demorest has proposed the term 
gravity flow, for the second the term extrusion flow [31]. The former is 
drainage-controlled and invariably downslope; the latter is pressure-con- 
trolled and therefore can take place on a level surface or even upslope, 
provided the ice mass is thick enough and has a sufficiently steep surface 
gradient. 

As is evident from Figure 5, a mountain glacier can have gravity flow 
in one part of its course and extrusion flow in another, depending upon 
the irregularities in the longitudinal profile of its bed. If the bed descends 
by successive stairlike steps, as is commonly the case in strongly glaciated 
valleys, the two types of flow will alternate with each other. They are, 
in fact, the authors of the stairlike valley profile, and tend to accentuate 
it whenever the glacier has a large volume and correspondingly great kinetic 
energy. While in a depleted state, on the other hand, the glacier merely 
finds its way down the best it can over those boldly hewn features without 
modifjdng them materially, just as a stream of water at low stage flows 
with relative impotence over the broad bed which it has fashioned while in 
flood. 

It remains to explain the cause of shearing movements in mountain 
.glaciers and their relation to the plastic flow. Demorest’s explanation, 
reduced to its simplest terms, is: Wherever a part of a glacier flowing 
with a certain speed finds its progress blocked by another, more slowly 
moving, or wholly stagnant part, it tends to crowd upon and override the 
latter. Shear planes then develop in the ice, curving forward and upward, 
in the manner shown ideally in Figure 5. All shearing and thrusting move- 
ments in glaciers occur where the normal flow is impeded in such a way 
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that the ice can not pass over or around the obstruction by continuous 
plastic flow. As there are two modes of plastic flow in glaciers, so there 
are also two inodes of obstructed flow that give rise to shearing move- 
ments. These Demorest proposes to call obstructed gravity flow and 
obstructed extrusion flow. 

The only shear planes shown in Figure 5 are those caused by obstructed 
gravity flow. Such planes are a normal feature of the terminal portion of 
a mountain glacier because there the thickness of the ice decreases progres- 
sively by ablation, and any decrease in thickness lessens the pressure upon 
the basal layers and consequently lessens the mobility of the ice in them. 
At the terminus itself, where the surface slope becomes more and more 
abrupt, shear planes are especially numerous and closely spaced, and the 
ice consequently appears sheared into thin slices. They are the so-called 
“blue bands” to which Philipp, in Europe, and Rollin T. Chamberlin, in 
this country, have repeatedly called attention. They intersect the 
surface of the glacier at high angles, as a rule, but at the terminus outcrop 
at progressively lower angles, the lowest being nearly parallel to the 
glacier’s bed. 

These blue bands are not discrete partings in the ice; neither do they 
traverse the entire thickness of the ice mass. They are merely narrow 
zones of localized differential movement and consequent recrystallization 
of the ice granules; and they originate in the plastic lower layers of the 
glacier, where differential movement and recrystallization are most 
active and most generally distributed. In addition to the blue bands, 
however, there occur, probably as the result of sudden or complete block- 
ing of the flow, thrusting movements along discrete fault planes. Many 
of these extend down to the base of the glacier, and along them rock d4bris 
from the bed is often dragged up to the surface. There, as ablation 
continues through the years, this debris accumulates and forms a protec- 
tive mantle that retards the melting of the ice. What was originally 
ground moraine thus becomes, as the result of upthrusting and ablation, 
a surficial veneer. The dirty aspect of the terminal portions of many 
glaciers is due largely to the combined action of these two processes, in 
less measme to the concentration of englacial debris. 

Shear planes and thrust planes may occur in other parts of glaciers 
besides the terminus. They are formed notably wherever the slope of a 
glacier’s bed flattens downvalleyward, for there, inevitably, the flow 
slows down. If this happens at several places in a glacier’s course the 
ice becomes criss-crossed by several sets of blue bands. The older sets 
may become non-functional but they remain recognizable. On the other 
hand, wherever a glacier passes from a relatively gentle slope to a steeper 
one, the flow is accelerated and, the upper layers, being subjected to strong 
tension, become rent by V-shaped crevasses. These, however, .do not 
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extend down to the bed, but only down to the plastic lower layers, which 
adapt themselves by flowage to the inequalities of the bed. 

No attempt has been made to show in Figure 5 some of the shear and 
thrust planes that are formed wherever the extrusion flow active in the 
cirques and valley basins is obstructed. Indeed, so little observational 
material is at hand concerning them that a diagrammatic representation of 
them is not yet justified. On purely deductive grounds, however, it seems 
probable that shearing and thrusting occur at the lower ends of the 
basins, where the transition from bottom current to top current sets in. 

The different types of motion that have been set forth occur not 
merely in mountain glaciers but in all glaciers of the ice stream class — 
in valley glaciers, intermontane glaciers, and the outlet glaciers at the 
margins of ice caps — for they all follow valleys as channels and have 
essentially unidirectional flow organized around a central current, or 
medial line of maximum velocity, generated by the direct pull of gravity. 

MOTION IN ICE CAPS 

The mode of movement of the ice in glaciers of the ice cap class is 
today still to some extent a matter of conjecture — necessarily so, as it 
is not so readily apprehended as the motion in ice streams, either by 
direct observation or by inference from the erosional and depositional 
effects produced by former ice caps. Opinions are still divided, and by 
some, even, it is maintained that ice caps inherently are motionless save 
in their marginal portions. Although it is not desired to enter here into a 
controversial discussion of that doctrine, it is in order, nevertheless, for 
the sake of clear thinking, to point out that no belief that an ice mass 
thousands of feet thick and free to expand laterally will remain immobile, 
save at its margins, is consistent with the laws of mechanics applying to 
plastic solids. 

That glacier ice in large masses behaves as a plastic solid under its 
own weight — that is, under the influence of gravity — ^is now a definitely 
established fact, as has been shown in the foregoing pages. Differential 
movement has actually been measured by Seligman’s Jungfraujoch 
research party, both in the firn at the head of a glacier and in the compact 
ice in the terminal portion ; and the crystallographic studies of that party 
have revealed that in the transformation of firn into gldcier ice recrystal- 
lization takes place, the new crystals being reoriented predominantly into 
positions favorable to their deformation by the differential pressures 
[Perutz and Seligman 71]. Geomorphologic studies, furthermore, have 
shown that only a moderate thickness of ice is required to initiate plastic 
flow. On a suitably inclined base a glacier need be only 100 to 150 feet 
thick in order to develop flowage. (See pp. 154-155.) To be sure, both 
Demorest’s observations on the site of the Clements Glacier [29] and the 
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writer’s observations on the minimum depth of the glaciated valleys of 
the Bighorn Mountains [65] dealt with the initiation of glacier motion 
by the direct pull of gravity, but the sites investigated were not steep 
enough to permit the ice to slide down bodily in rigid cakes. It flowed 
down with differential motion adapted to the configuration of the rock 
bed as was demonstrated by the striae. 

That on a nearly level base, where the direct pull of gravity is not 
operative, an ice mass must have greater thickness in order to develop 
flowage, seems a reasonable inference. Yet there is plenty of observa- 
tional evidence to show that even there only a moderate thickness suffices. 
The small ice caps, or “plateau glaciers,” of Norway, which lie on gently 
undulating uplands, are only a few hundred feet thick, yet they clearly 
have plastic flow, for they feed a number of ice streams that descend 
steeply into the valleys that are cut into the flanks of the uplands. The 
lesser ice caps on Iceland, Spitsbergen, and the partly ice-free borders of 
Greenland likewise are only hundreds— not thousands— of feet thick, 
yet from many of them issue sizable ice streams that flow down to lower 
levels. 

The examples just cited are from temperate, or at least cool-temperate 
regions, where the summer temperatures are high enough to cause con- 
siderable melting at the surface of an ice cap, and where melt water plays 
an important part in the recrystallization of the firn and in raising its 
temperature to the melting point. In such regions ice caps are at pres- 
sure-melting temperature throughout their entire thickness during the 
summer months, and that circumstance adds to their mobility. For 
them Ahlmann [4] has proposed the term iem-perate glaciers. In contrast 
to them stand the high polar glaciers, which are situated in regions of such 
intense and persistent cold that negative temperatures prevail in them the 
year round to depths of several hundred feet. Their mobility is thereby 
greatly diminished and as a consequence much greater thicknesses are 
required to produce plastic flow. Typical examples are the ice sheets of 
Greenland and Antarctica At their surfaces, above the firn line, no 
melting ever takes place, and the dry snow changes to firn, and the firn 
increases in density, only with extreme slowness, chiefly by sublimation. 
Intermediate between the high polar 'and the temperate glaciers are the 
subpolar glaciers. 

In the shaft which they dug at their station Eismitte, near the top 
of the Greenland ice sheet, the Alfred Wegener Expedition of 1930-31 [32] 
found a practically constant temperature of —30° C at a depth of 52 feet. 
Computations by Brockamp based on the observable temperature gradient 
in the shaft showed that at a depth of 591 feet the temperature is still 
— 16° C. Tentative extrapolation of the temperature curve indicated 
that negative temperatures may extend several thousand feet down into 
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the mass (whose total thickness below Eismitte is probably not less than 
6,000 feet, as is to be inferred from the not altogether reliable seismic 
depth measurements made by the expedition). Pressure-melting tem- 
peratures, accordingly, would be restricted to the basal layers. If active 
flowage also is restricted to them, it may be presumed that the firn is 
not transformed into coarsely crystalline glacier ice until it is lowered to 
that low level. At Eismitte the seismic waves did not indicate con- 
clusively where that level lies, but at a station 38.5 miles from the western 
margin of the ice sheet they did indicate a fairly abrupt increase in density, 
presumably marking the change from firn to glacier ice, at depths ranging 
from 984 to 1,150 feet. The underlying ice appeared to be about 3,280 
feet thick. (On purely theoretical grounds, of course, it is to be expected 
that the thickness of the firn would decrease from the middle of the ice 
sheet out towards its margins.) 

That perpetually frozen firn has a high degree of rigidity appears to 
be evident from the behavior of the Antarctic shelf ice, which, especially 
in its seaward portion, is composed wholly of fine-grained firn, at least, 
as far as it is exposed above tide-level. Its sea cliff', 100 to 150 feet high, 
shows no signs of plastic deformation, and the huge tabular icebergs, 20 to 
60 and even 70 miles in length [Wordie and Kemp, 103, pp. 431-433] that 
detach from it float away as essentially rigid masses. They show no 
tendency to spread out radially by flowage. It may be presumed, there- 
fore, that the thick mass of frozen fim that forms the upper layers of an 
ice sheet such as that of Greenland or Antarctica is on the whole susceptible 
of but little plastic deformation and rests on the more plastic lower layers 
of glacier ice largely as an immense dead weight. The general absence of 
signs of movement at the surface of the central portions of an ice sheet 
would be thus accounted for. It does not, however, imply complete 
immobility of the mass all the way down to its base. 

That motion actually exists in ice caps of the high 'polar class is 
abundantly attested by the fact that enormous quantities of ice flow 
radially out from them. The inland ice of Greenland, over a long stretch 
of coast facing Mel-ville Bay, where it is not obstructed by mountains, 
literally flows in a broad sheet down to the sea. Along the greater part of 
its extent, however, it is hemmed in by coastal ranges, and there outflow 
takes place through the gaps in the form of tongue-shaped ice streams. 
The speed with which some of these ice streams flow out into the fiords, 
and the large number of icebergs which they produce annually, are among 
the most remarkable glaciologic phenomena that are known. Rates of 
movement at the ice fronts of 30 to 60 feet per 24 hours are not uncommon. 
The Jakobshavn Glacier by several observers has been found to advance 
65 to 92 feet per day; the Upernivik Glacier, according to Ryder’s [83] 
measurements, advances at times as much as 100 to 124 feet per day at 
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certain points of its broad front — that is, about 100 times as fast as the 
average mountain glacier in the Alps. 

These exceedingly rapid rates of movement, it is to be understood, 
occur only in the fiords where the friction of the ice masses on their beds 



Fig. V-6. — Map of Greenland showing the approximate outlines and surface configuration of the 
ice cap. No accuracy is claimed for the contour lines. They are really form lines serving to bring 
out the fact that there are two ice domes separated by a broad saddle. The arrows indicate con- 
ventionally the convergence of flow lines in the embayments in the ice cap which accounts for the 
extraordinarily rapid outflow of certain glaciers on the west and east coasts. The Vatnajokull of 
Iceland is shown on the same scale for comparison. The ice on Spitsbergen and other islands is not 
shown. 


is reduced by the buoyant effect of the water. Farther inland the glaciers 
move at considerably slower rates, yet still faster than ordinary mountain 
glaciers. It is, however, the output in the form of icebergs at their fronts 
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that is really the most impressive phenomenon. Loewe [62] estimated 
that the Rink Glacier, in t'he northern part of Umanak Bay, discharges 
about 18,000 million cubic feet of ice in a few minutes during each of its 
biweekly debacles. Rink [80] calculated from his measurements on its 
front that the Karajak Glacier produces annually icebergs having an 
aggregate volume of 5 cubic miles. As there are in Greenland 25 fiords 
containing glaciers of similar magnitude, he estimated that their com- 
bined output of icebergs might well amount to 128 cubic miles per year. 

According to Hobbs’ theory of the motion in ice caps [55], all of this 
ice discharged by the outlet glaciers, and all that which gravitates to the 
sea in broad sheets, as on the coast of Melville Bay, would be derived 
from a marginal belt about 50 miles in breadth, the vast interior mass of 
ice behind that belt remaining entirely inert. As a matter of fact, how- 
ever, the outlet glaciers head largely below the firn line — ^that is, in the 
zone where ablation exceeds precipitation: it is therefore clear that they 
draw their sustenance chiefly from the great interior mass, and that there 
is movement within that mass. What is more, it is evident from the con- 
figuration of the spoon-shaped depressions at their heads — ^the "dimples” 
or "exudation basins,” as they have been called — that each of these outlet 
glaciers is fed by a system of converging ice currents that extends far back 
into the interior of the ice sheet, in the manner indicated, conventionally, 
by the arrows in Figure 6. 

For simple mechanical reasons, it may be added, it would be impos- 
sible for the great interior mass of an ice sheet to remain motionless 
while the marginal portions are moving forward and away from it, for 
any such movement at the margins would tend to leave the interior mass 
unsupported at the sides, and, as it is plastic in its basal layers, it would 
at once tend to flow out after the marginal portions. And so the move- 
ment would be propagated farther and farther inward towards the center. 

Hobbs [55] apparently regarded crevassing as the one sure evidence 
of motion, and because crevassing is confined to the marginal belt of the 
Greenland ice sheet he assiuned that there was no motion back of it. 
Crevasses, however, are evidences of gravity flow only, and those in the 
marginal belt occur where the ice overrides the coastal ranges and moves 
down their slopes under the direct pull of gravity. The absence of 
crevasses farther back in the ice sheet merely indicates the absence of 
gravity flow, but does not necessarily indicate lack of motion of any kind. 
As is evident from the strong flow of ice in the outlet glaciers, there is 
deep down in the ice sheet active extrusion flow that feeds them. 

Hobbs’ doctrine of the immobility of ice sheets hangs together with 
another doctrine of his, according to which the meteorological conditions 
over an ice sheet of large extent are dominated by a more or less permanent 
anticyclone called forth by the intense cold of the ice expanse itself [53, 541. 
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The air chilled by contact with the surface of the ice tends to flow down 
in gravity currents in all directions from the central dome, and thus a 
system of centrifugal winds is created which in turn is replenished at the 
center by air descending from the upper atmosphere. Nourishment of 
the ice sheet by such a glacial anticyclone would necessarily be scanty, con- 
sisting largely of ice spicules due to condensation of moisture close to the 
chilling surface; and of this scanty precipitation the bulk would be swept 
out towards the margins of the ice sheet by the radially blowing winds. 
The central dome therefore would receive the least nourishment, but, as 
its losses by evaporation are very small, owing to the intense cold, and 
as the ice in it has no motion, according to the immobility theory, a 
practically static condition would result. 

Meteorological observations designed to test the theory of the glacial 
anticyclone have been made during the period 1926 to 1933 by four suc- 
cessive expeditions sponsored by the University of Michigan and led by 
Prof. Hobbs, and by a fifth under the auspices of the University with 
support by Pan American Airways, led by Prof. Belknap. Other observa- 
tions for the same purpose have been made in 1929 and 1930-1931 by the 
Alfred Wegener Greenland Expedition sent out by Germany. The latter 
expedition maintained for an entire year a station, which they named 
Eismitte, near the top of the Greenland ice sheet at an altitude of some- 
what less than 10,000 feet, and at a distance of 245 miles from the west 
coast; also a station near the west coast and another on the east coast. 
In their interpretations of the results obtained the meteorologists of the 
American expeditions, on the one hand, and of the German expedition on 
the other hand, are not entirely agreed on all the aspects of the problem, 
but from their findings, nevertheless, several facts of major importance 
stand out clearly : 

1. Gravity currents of chilled air flowing down in various directions 
from the central dome of the Greenland ice sheet do predominate, in 
accordance with Hobbs' theory, but they are frequently disorganized by 
cyclonic depressions that come from the southwest and travel northward 
along either the west coast or the east coast of Greenland, and sometimes 
far into the interior. 

2. The radially diverging air currents constitute in effect a local 
anticyclone associated with the ice sheet, but these air currents have but 
moderate depth and volume. As a consequence Greenland’s anticyclone 
makes itself felt but a few miles beyond the coast lines and is distinctly 
subordinate in its geographic range to the powerful winter anticyclones of 
Siberia and northern Canada, which are keeping large areas of land in 
northern latitudes from being covered by ice sheets. Greenland therefore 
is not the wind pole of the northetn hemisphere, as Hobbs believed 
it to be. 
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3. Rime in the form of ice spicules does occur at times, but in the 
main the Greenland ice sheet is nourished by snow blizzards brought on 
by cyclonic depressions. Although much snow is swept away by the wind, 
on an average 33.9 inches of firn, representing 12.2 inches of water, is 
annually added to the top of the ice sheet. That fact was determined by 
the Wegener Expedition in its 49-foot shaft at Eismitte. At a point 87 
miles from the west coast (about one-third of the distance to Eismitte), 
and at an altitude of 7,380 feet, the average annual increment of firn 
amounted to 19.7 inches of water. That figure accords in a general way 
with those obtained by previous expeditions. 

It is thus manifest that the ice sheet of Greenland is nourished, not 
by the glacial anticyclone, as Hobbs supposed, but in spite of it, by ordi- 
nary cyclonic storms. It receives at its surface accretions of snow aggre- 
gating, according to Hess’ estimate [51, p. 116], on an average about 
272 cubic miles of water per year; and, on the other hand, it loses annually 
an enormous volume at its margins, through the outflowing glaciers and 
by ablation in the zone below the firn line. According to Sorge [87, 
p. 336], 13 to 16 feet of ice are annually stripped away by ablation at the 
western margin. It follows that the ice sheet is not in a static condition, 
but has a continuous internal circulation — unless, indeed, it be supposed 
that its height is being increased from year to year by a net 33.9 inches, 
while its margins are actively melting back under present climatic con- 
ditions, a supposition that seems hardly logical. Far more probable is 
it that the surface of the ice sheet subsides annually by a small amount as 
the result of outflow of ice through the plastic lower layers. Under con- 
ditions of perfect equilibrium the annual outflow would be compensated 
exactly by the annual accretions at the smface, and the height of the ice 
sheet would remain unchanged. Whether such a state of equilibrium 
exists at the present time is, of course, tmknown, but it seems unlikely, 
in view of the present trend of climatic conditions, which is causing all 
glaciers in the arctic and subarctic regions to shrink in volume. 

That an ice sheet such as that of Greenland has internal motion, 
and that the ice of its plastic basal layers is squeezed out, so to speak, by 
the pressure exerted by the more rigid upper layers, is a concept that has 
long been in the minds of glaciologists. Rink [80] probably was the first 
to express it tentatively; von Drygalski, as the result of his explorations in 
Greenland, became convinced of the truth of it [99, p. 283]; and Hess 
undertook to state the mechanics involved [51, p. 113], but erred in sup- 
posing the pressure within the basal layers to be transmitted hydrostati- 
cally by interstitial water — forgetting that glacier ice long ago was proved 
to be impervious to water. Demorest [31], it seems to the writer, is the 
first to present a sound mechanical analysis of the mode of movement of 
the ice in an ice sheet, basing it upon the inherent plasticity of glacier 
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ice under differential pressure, as demonstrated by the crystallographic 
studies of Seligman’s Jungfraujoch research party and as confirmed by 
his own studies. Motion in an ice sheet, accordingly, is seen to be pri- 
marily what Demorest terms extrusion flow generated by differential 
pressure. As it takes place in the direction of diminishing pressure, it 
naturally tends to follow lines radiating from the central and highest part 
of an ice sheet out towards the thinner margins. The rate of movement 
from point to point varies, in general, with the pressure gradient, which 
is controlled primarily by the angle of the surface slope. As that angle is 
practically zero at the center of the mass and thence increases at first at an 
almost imperceptible rate, the extrusion flow in the basal layers, directly 
beneath the center is, theoretically, nil and thence proceeds for long 
distances outward at infinitesimally slow yet gradually increasing rates. 
Only in the marginal portions, where the surface slope becomes apprecia- 
bly steeper, is there an appreciable gain in speed. The actual movement 
within the central portions of an ice sheet therefore does not differ much 
from the state of utter immobility postulated by Hobbs, yet there is some 
slight motion, increasing differentially from the center outward, that 
compensates for the increments of new firn that are constantly being 
received at the top Of the ice sheet. 

The basal outflow doubtless does not actually take place along 
.simple radiating lines, as stated for the ideal case, but in some places is 
deflected, or even wholly blocked, by the major topographic features of 
the land surface beneath the ice. As a result the extrusion flow is locally 
obstructed and shearing takes place along planes that curve upward, 
presumably in much the same manner as in a case of obstructed gravity 
flow. (See Figure 5.) This, however, is a matter that can for the present 
be stated only on a basis of deductive reasoning. Though shear planes 
have been observed in abundance at the margins of ice sheets, they have 
not, so far as the writer knows, been studied with special reference to the 
mechanics of obstructed extrusion flow in the interior. 

The general laws governing the motion in high polar ice sheets, as 
just set' forth, hold for the ice sheet of Antarctica as well as for that of 
Greenland. From the Antarctic continent the ice flows off in all direc- 
tions and on an immense scale, yet the surface throughout the main — 
eastern — portion of the ice sheet slopes so gently (5 to 7 feet per mile on 
an average) that in all probability gravity flow there is largely excluded, 
no matter what the topography of the land surface underneath may be. 
Except in the outlet glaciers and in its crevassed marginal portions, 
therefore, the Antarctic ice is to be conceived as moving predominantly 
by extrusion flow. 

In regard to nourishment by precipitation, the Antarctic ice sheet 
offers a much better exemplification of Hobbs’ theory than the Greenland 
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ice sheet, for the meteorological conditions over central Antarctica are 
clearly dominated by the south polar anticyclone, which is intensified 
by the chilling effect of the ice sheet itself. The result, however, appears 
to be not a static condition of the ice sheet, as Hobbs’ theory demands, 
but an undernourished, “starved” condition, to use the term emploj'-ed 
by antarctic explorers. As is definitely indicated by the high level at 
which glacial boulders lie stranded on rocky heights overlooking the great 
outlet glaciers, the ice sheet of Antarctica today is fully 1,000 feet thinner 
than it has been in the past. For a long time, evidently, it has been in a 
state of hydrologic unbalance, its outgo of water substance exceeding its 
income — not because of increased warmth but because of the intense 
frigidity of the climate. The situation raises several questions — a.s to the 
inherent adequacy of a strong anticyclone as a source of nourishment for 
a large ice sheet, and as to the nature of the former meteorological condi- 
tions under which the Antarctic ice sheet was built up to the great thick- 
ness indicated by the erratic boulders. These are questions that are 
still under discussion at the present time and for which there is as yet no 
definite answer. 


Summary 

1. Recent researches have demonstrated that glacier ice in large 
masses behaves under its own weight as a plastic solid. It does so because 
when subjected to prolonged differential pressure the ice granules recrystal- 
lize and the new crystals tend to assume positions favorable to their 
deformation by the gliding of their basal plates. 

2. Because glacier ice has this inherent capacity for plastic deforma- 
tion glaciers of all types have a slow flowlike motion initiated by the 
force of gravity and adapted to the configuration of their beds. 

3. Those glaciers that have beds of sufficiently high gradient to flow 
under the direct pull of gravity, flow much as streams of water do, the 
differential movement being typically unidirectional, organized around a 
central current, or line of maximum velocity, at or near the middle of the 
surface, and decreasing both laterally towards the sides and downward 
to the bottom. For that reason and because they tend to assume elon- 
gate, streamlike forms in following valleys as channels, glaciers of 
this class are appropriately termed ice streams. 

4. Those ice masses that lie spread out broadly over land areas of 
such configuration that direct gravity flow cannot take place, develop 
flowage by reason of differential pressures within themselves. Such 
flowage is most active in the basal layers and therefore is termed extrusion 
flow. It is typically multidirectional, proceeding from the central area 
of greatest height radially out towards the thinning margins. Ice 
masses of this class are appropriately termed ice caps. 
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5. Wherever the plastic flow of glacier ice, whether actuated by the 
direct pull of gravity or by differential pressure, is obstructed by slower- 
moving, or wholly motionless masses, shearing movements occur, along 
narrow zones of recrystallization and along discrete fault planes. 

RECENT VARIATIONS OF GLACIERS VIEWED IN THEIR RELATION 
TO THE PLEISTOCENE ICE AGE 

Intkoduction 

The present is a time of marked glacier recession throughout the world. 
In the southern hemisphere as well as in the northern all the glaciers, a 
small number excepted, are gradually shrinking in size. In the United 
States such shrinkage has not been observed methodically for a sufficiently 
long period to indicate the time when it began, and as a consequence 
the belief still prevails in some quarters that it is part of the process of 
deglaciation that set in toward the end of the Pleistocene ice age, some 
25,000 years ago, and has been steadily going on ever since. European 
data, on the other hand, are so full and extend so far back in time as to 
leave no doubt that the present recession comprises but a brief episode, 
that it was preceded by repeated ice advances during the period of modern 
history, and, what is most significant, that those ice advances were the 
greatest that have occurred since the Pleistocene epoch — that is, during 
the last 10,000 years. A perspective of these matters should be helpful 
to the hydrologist as a background for his interpretation of current 
variations of glaciers, and accordingly a brief synopsis of recent glacier 
history, as it is now known, is presented in the following pages. 

The present recession 

The present recession is the only one of the successive glacier oscilla- 
tions of historic times that has been recorded in any detail. In the 
European Alps it began shortly after the middle of the nineteenth century. 
It followed upon one of the most notable ice advances of the historic 
period — the advance of the 1850’s, as it is now generally called. At 
that time many glaciers in the Alps overrode the terminal moraines which 
they had deposited during previous centuries, and others approached 
closely to their earlier moraines. So well attested is this advance of the 
1850’s that on some of the Swiss topographic maps and on many detailed 
maps of individual glaciers the moraines of that decade are marked with 
their respective dates. There was no perfect synchronism in the climax 
of the numerous glaciers in the Alps (about 1,150 in Switzerland alone); 
neither did they all begin to recede simultaneously. During the 1860’s, 
however, recession was general, and during the early 1870’s some of the 
glaciers shrank to smaller sizes than they had had at any time during the 
nineteenth century. 
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It was this recession, which caused alarm lest it continue and impair 
important water supplies, that led to the inception of systematic measure- 
ments to record the secular variations of glaciers. In 1874, at the urging 
of Prof. F. A. Forel, the Swiss Alpine Club instituted the first annual 
measurements of the variations in length, thickness, and rate of movement 
of the Rhbne Glacier, which is the principal source of the Rh6ne River. 
During the ensuing decades such measurements were continued on an 
elaborate scale, under the auspices of the Swiss government, and as a 
result the Rhbne Glacier has come to be one of the most thoroughly 
investigated glaciers in the world. 

The recession, however, soon came to a halt and, about 1875, one 
glacier after another began to readvance. During the 1880’s practically 
all the glaciers in the Alps were gaining in length. For most of them the 
climax came during the 1890’s, but some lagged until the end of the 
century. This was only a minor advance as compared with the greater 
one of the 1850’s, but it stimulated the interest of scientists throughout 
the world, and as a result the Sixth International Geological Congress, 
meeting at Zurich in 1894, created, upon the joint recommendation of 
Prof. Forel and Captain Marshall Hall, of England, an International 
Glacier Commission. On that commission were represented Switzerland, 
Great Britain, Austria, Germany, France, Denmark, Sweden, ' Norway, 
Russia, and the United States of America. Italy joined soon afterwards. 

The members of this commission succeeded in securing the active 
cooperation of governmental agencies, scientific societies, and moun- 
taineering clubs in their respective countries, and so the systematic 
measuring of glacier oscillations became a regular routine in Europe. 
The statistical results were published annually by the International 
Glacier Commission, first in the Archives des Sciences Physiques et 
Naturelles, in Geneva, and, beginning in 1906, in the Zeitschrift fiir 
Gletscherkunde. 

The world war which began in 1914 disrupted international coordina- 
tion of action along these lines, but glacier measurements nevertheless 
were made in some countries. In 1927, chiefly through the efforts of 
its devoted secretary, P. L. Mercanton, of Switzerland, the international 
organization was revived. This time, however, it was set up as a com- 
mission of the Iirternational Association of Scientific Hydrology, a 
component unit of the International Union of Geodesy and Geophysics. 
Under these new auspices the International Commission of Glaciers 
carried on its work on an ever increasing scale, many hundreds of glaciers 
in different parts of Europe being listed in its annual reports. At the 
Washington Assembly of the International Association of Scientific 
Hydrology in 1939, the International Commission of Glaciers was con- 
solidated with the International Commission of Snow. The dislocation 
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of international relations caused by the second world war naturally has 
seriously interfered with the world-wide program which the newly formed 
International Commission of Snow and Glaciers has set itself, but con- 
siderable glacier research has nevertheless been carried on, and is being 
carried on in the neutral countries. 

Since 1931 the United States has taken an increasingly active part 
in the recording of glacier oscillations. Prior to that year only occasional 
observations on the state of American glaciers had been made by scientists 
and interested mountaineers; only one glacier, the Nisqually, on Mount 
Rainier, was systematically measured from year to year, beginning in 1918. 
In 1931, how^ever, the Section of Hydrology of the American Geophysical 
Union appointed a Committee on Glaciers charged with the duty of 
obtaining and interpreting systematic records of the variations of glaciers 
in the continental United States and Alaska, with especial reference to 
tHeir hydrologic significance. That committee, enlisting the cooperation 
of the National Park Service, within whose reservations many of the 
more important glaciers are situated, and of a number of western moun- 
taineering clubs, inaugurated a comprehensive program of glacier measure- 
ments patterned in a general way after that of the European organizations. 
The results are published annually in the Transactions of the American 
Geophysical Union and triennially in the Transactions of the International 
Association of Scientific Hydrology. 

Of the vast mass of data concerning the present recession of glaciers 
that has been brought together by the organizations mentioned only the 
briefest sort of abstract can be given here. For a more comprehensive 
survey of the material the reader is referred to Thorarinsson^s excellent 
paper on Present glacier shrinkage, and eustatic changes of sea leveU^ [96]. 

Statistics for the glaciers of the European Alps show that after the 
readvance of the 1890 ^s recession again set in and since then has con- 
tinued through the 1930^s, though interrupted at intervals by short- 
lived advances in which not all of the glaciers took part. Such readvances 
occurred in 1910-13, in 1916-20, and in 1926. Plotted graphically they 
appear merely as small peaks on a generally descending curve. The 
readvance of 1916-20,* nevertheless, is outstanding, for immediately 
afterwards recession was distinctly accelerated, and the curve bends more 
sharply downward. 

A few figures will serve to give some conception of the rates at which 
European glaciers have been receding during the 1930^s. Of the 100 
glaciers that are annually measured in Switzerland the majority receded 
30 feet or less per year; a number of thenureceded as much as 50 to 100 feet 
in certain years; an occasional one as much as 150 feet. In no year did 
all the glaciers recede in unison. On an average only 84 percent of them 
receded, while 10 percent made small, short-lived advances, and 6 percent 
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remained unchanged. Similar conditions obtained in the Austrian and 
Italian Alps, but among the 275 glaciers reported on by the Comitato 
Glaciologico Italiano the percentage that were in recession annually was 
greater and the rate of recession somewhat slower. The Scandinavian 
glaciers, on the other hand, receded more rapidly, recessions of 100 feet 
per year being frequent among them. A few receded as much as 400 feet 
in certain years; one receded over 800 feet in one year, another over 
1,800 feet. 

The glaciers that form the southern fringe of the Vatnajokull of 
Iceland receded at comparable rates. Thanks to the close watch that 
some of the Iceland farmers have kept on the glaciers that menace their 
lands, it is definitely known that there was a general advance about 1850 
and another that culminated about 1890. The oscillations of the Iceland 
glaciers therefore appear to have synchronized closely with those of the 
European glaciers, but the advance in 1890 in many instances exceeded 
that of the 1850’s. Since 1890 nearly all the glaciers in Iceland have been 
in recession, and since about 1930 their recession has been accelerated, in 
some districts to “an almost catastrophic” rate, as Thorarinsson [96, 
p. 144] terms it. The Hoffellsjokull, one of the more easterly outlet 
glaciers of the ice cap, by 1936 had retreated a distance of 4,265 feet 
from the moraine it had deposited in 1890. Other glaciers had retreated 
anywhere from 3,000 to 10,000 feet during the same interval. 

For the Hoffellsjokull, however, there are at hand other data of far 
greater hydrologic significance than mere recession figures. The regimen 
of that glacier — that is, its annual income of water in the form of snow, 
rain, and rime, on the one hand, and its outgo by melting and evaporation, 
on the other hand, have been the subject of painstaking investigations by 
Ahlmann and Thorarinsson [5 and 6] during the years 1936, 1937, and 
1938, and as a result quantitative estimates can be made of its loss in 
volume during those years. From .Thorarinsson’s latest summary [96, 
pp. 133-134] it appears that the ablation area below the firn line comprises 
about 44 square miles and the loss of water over that area averaged about 
32 inches per year. The mean annual loss in volume during the three- 
year period therefore amounted to about 94 million cubic meters (76,000 
acre-feet) of water. 

From the height of the old strand lines of lakes in side valleys that 
are dammed by the Hoffellsjokull, Thorarinsson has determined that 
from 1890 to 1936 the part of the glacier that lies below the firn line was 
reduced 130 to 160 feet in thickness, the corresponding mean annual 
loss of water being 39 inches. ■ During this period of 46 years, that part 
of the glacier lost 6 billion cubic meters (nearly 5 million acre-feet) of 
water. To this is to be added a loss of 400 million cubic meters (about 
325,000 acre-feet) of water due to the recession of the ice front. 
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As the other four outlet glaciers on the south side of the Vatnajokull 
appear to have sustained comparable reductions in thickness during the 
same period, Thorarinsson estimates that from 1890 to 1936 the five 
glaciers together lost a total of 50 billion cubic meters (about 40 million 
acre-feet) of water. These figures gain additional interest from the fact 
that the glaciers in question are situated in a district that has a pronounced 
maritime climate characterised by very heavy precipitation. In 1935—36 
the total accretion of water substance (snow, rain, and rime) averaged 
118 inches. At the altitude of 3,600 feet the firn deposited in 1936-37 
contained on an average 197 inches of water [Ahlmann and Thorarinsson 6, 
p. 423], but this was an unusually large quantity that resulted in a tem- 
porary gain in the glacier’s volume. 

The ice caps and glaciers on the Spitsbergen Archipelago also are in 
recession. Ahlmann's measurements on the Fourteenth of July Glacier 
[3, p. 194] show that in 1933-34 its losses by ablation exceeded the accre- 
tions of snow and rime by 34 milhon cubic meters (27,500 acre-feet) of 
water; they were 43 per cent larger than the glacier’s income. Glen [41, p. 
6] describes the West lee, on North East, Land, as being in process of 
“degenerating into what may become small domes.” 

On Novaya Zemlya some of the glaciers are receding and others 
appear to be stagnant. Even on the Franz Josef Ar.chipelago the glaciers 
are gradually shrinking. On Jan Mayen Island some of the glaciers have 
recently receded from fresh-looking moraines that still contain cores 
of ice. 

Relatively few data are at hand concerning the variations of the 
glaciers of Greenland. Carlson [15] in 1931 found that since 1887 the 
Upernivik Glacier, on the west coast, had receded on an average 3,000 feet, 
in some parts of its front as much as 5,000 feet. The great Jakobshavn 
Glacier is known to have made a notable advance in 1851 and another in 
1888. From 1888 to 1925, on the other hand, it receded not less than 6 
miles. According to Lauge Koch [60, p. 107], most of the glaciers in the 
vicinity of Cape York made a small advance in 1920 but since then have 
been in recession. Demorest [28, p. 53] . in 1932—33 found the local 
glaciers on the Upper Nugssuak Peninsula completely divested of snow 
and “dying from excessive ablation.” All ice fronts, including those 
of the main ice sheet, were bordered by a strip of freshly exposed rock 
floor, 10 to 50 yards in width, that was un weathered and devoid of hchens, 
showing that rece'ssion had set in rather recently. To judge from Tarr’s 
observations in 1896 [92, p. 262], it began presumably around 1890. 
In northeast Greenland and at a number of points on the east coast 
glaciers were reported to be in recession during the 1930’s. According to 
Sorge [87, p. 336], measurements by the Alfred Wegener Expedition of 
1931-32 show that the surface of the Greenland ice sheet at its western 
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margin at that time was being reduced by ablation at rates of 13 to 16 feet 
per year. 

For the glaciers of the continental United States recession data are 
available as a rule only since 1931 — ^the year when annual measurements 
were begun at the request of the Committee on Glaciers of the American 
Geophysical Union. In a number of instances, however, the record can 
be extended back several decades by comparison with dated maps and 
photographs. On one glacier, the Nisqually, on Mount Rainier, annual 
measurements were instituted as early as 1918 by the National Park 
Service, and on this glacier too, it happens, rehable observations were 
made at intervals as far back as 1857. 

Recession, it is evident from all these data, has been universal among 
American glaciers at least as far back as the 1880’s, though interrupted at 
times by feeble readvances, notably about 1920. The record of the 
Nisqually Glacier follows. 


Year 

Recession 
(in feet) 

Year 

Recession 
(in feet) 

1857-1885 

760 

1927-1928 

89 

1885-1892 

140 

1928-1929 

52 

1892-1910 

900 

1929-1930 

118 

1910-1918 

410 

1930-1931 

49 

1918-1919 

59 

1931-1932 

60 

1919-1920 

46 

1932-1933 

44 

1920-1921 

106 

1933-1934 

155 

1921-1922 

67 

1934-1935 

54 

1922-1923 

44 

1935-1936 

; 65 

1923-1924 

83 

1936-1937 

65 

1924-1925 

73 

1937-1938 

90 

1925-1926 

86 

1938-1939 

85 

1926-1927 

43 

1939-1940 

! 70 


The Nisqually’s total recession from 1857 to 1940 amounted to 3,793 
feet. The rate of recession, however, was by no means uniform through- 
out that period. From 1857 to 1885 the mean annual rate was 27 feet ; 
from 1885 to 1892 it was 20 feet (there may even have been a brief read- 
vance during that interval); from 1892 to 1918 it was 50 feet; and from 
1918 to 1940 it was 72 feet. Since 1892, therefore, the rate has doubled 
and trebled. 

That the recession of other glaciers in the United States has been 
similarly accelerated can not be stated positively, as the records do not 
extend sufficiently far back, but from both personal observations and 
comparisons of dated photographs it is evident that in many districts 
the annual losses of ice have been much greater during the 1920’s and 
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1930’s than during the decades immediately preceding. Thus a com- 
parison of aerial photographs of Mount Shasta, in California, taken in 
1935, with similar photographs taken in 1920, reveals that that peak lost 
considerably more than 50 per cent of its glacial mantle in those 15 years. 
Still earlier photographs, taken from the ground, suggest no diminution 
of the glaciers at any comparable rate. 

Authentic data collected by Phillips [73, 74] show that the peaks 
of the Cascade Range in Oregon are being rapidly divested of ice. Already 
three small glaciers that are mentioned in the earlier literature— one on 
Mount Jefferson, one on Diamond Peak, and one on Mount McLoughlin — 
have vanished during the past 25 years. 

Of peculiar interest is the fact that the glaciers in the northern dis- 
tricts, close to the Canadian boundary, are melting away faster than the 
glaciers farther south. The glaciers in Glacier National Park, Montana, 
(latitudes 48°-35' to 49°-000 are wasting away at a rate which, if con- 
tinued, will result in their total extinction within the next few decades. 
On the other hand, recession is appreciably slower in the Wind River 
Range, in Wyoming (latitudes 42°-45' to 43°-200 ; and in Rocky Mountain 
National Park, Colorado (latitude 40°-15') vestigial glacierets such as the 
Andrews and Tyndall are suffering but slight reduction. 

The Easton Glacier, on Mount Baker, in Washington (latitude 
48°-450, in 1936 had receded 4,900 feet since it was mapped in 1908. 
This implies a mean rate of 176 feet per year. The Nisqually Glacier, on 
Mount Rainier, in Washington (latitude 46°-500, which like the Easton 
has a southerly exposure, from 1910 to 1936 receded only 1,692 feet, or at 
a mean rate of 65 feet per year. And the Eliot Glacier, on Mount Hood, 
in Oregon (latitude 45°-22'), from 1901 to 1940 receded only 505 feet, or at 
a mean rate of 13 feet per year. During the 1930’s, however, its rate 
was accelerated to a mean of 28 feet per year. Still farther south the 
East Lyell Glacier, in the Sierra Nevada of California (latitude 37°-45'), 
from 1931 to 1939 receded only 87 feet, or at a mean rate of less than 11 feet 
per year. 

This remarkable diminution in the rate of recession from north 
to south is accounted for in part by certain climatic factors, quantitative 
data for which can not be presented here; in large part, however, also 
by the fact that the northern glaciers reach down to much lower altitudes 
than the southern and consequently are exposed in their lower portions 
to greater atmospheric warmth and for longer periods annually. The 
Easton Glacier in 1908 reached down to an altitude of 4,200 feet; the 
Nisqually in 1910 reached down to about 4,000 feet. The Eliot Glacier, 
on the other hand, terminates at an altitude between 5,900 and 6,000 feet, 
and the East Lyell Glacier, which is little more than a cirque glacier, 
terminates at an altitude of about 11,400 feet. 
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Recent observations by the writer in the Sierra Nevada have im- 
pressed him with the fact that many of the cirque glaciers on that range 
are fronted by massive morainal embankments that are extremely fresh 
looking and out of proportion to the size of the small ice bodies that 
produced them. These embankments are covered with loose and unstable 
blocks and slabs of unweathered rock and are manifestly much younger 
than the youngest of the Pleistocene moraines that lie farther down in 
the canyons. Within the last three years, moreover, it has been dis- 
covered that several of these fresh looking embankments consist really of 
glacier ice thinly mantled with rock debris. They are the termini of 
the glaciers themselves and have remained standing, 50 to 100 feet in 
height, because of the protection from ablation furnished by the mantling 
rock debris, while the cleaner ice behind them has wasted away. These 
embankments are therefore clearly of very recent origin and comparable 
to the moraines of the historic period in the European Alps. As they had 
much the same appearance as now in 1883, when Russell [82, p. 325] 
observed them, they must have originated at an earlier date, but it does 
not seem probable that they date back more than a century, in view 
of the fact that the manthng rock d4bris is only a few feet thick and does 
not prevent slight losses by melting in midsummer. If the last glacier 
advance on our western mountains synchronized with the last one in the 
Alps, as may reasonably be supposed, in view of the synchronism of the 
present recession, it seems quite probable that the embankments with ice 
cores in the Sierra Nevada date from the middle of the nineteenth century. 

The Nisqually Glacier, on Mount Rainier, not only has the longest 
recession record of any glacier in the United States, but is also the one 
most extensively studied for progressive loss of volume. The reason is 
that the city of Tacoma is dependent for hydroelectric power upon the 
Nisqually River, which derives most gf its water from the glacier. Con- 
cern lest the discharge of the river might be appreciably reduced in the 
near future as the result of the continued shrinking of the glacier, led to a 
cooperative agreement between the city of Tacoma and the United States 
Geological Survey providing for plane table surveys of the lower portion 
of the Nisqually Glacier, to be repeated at intervals of five years for the 
purpose of obtaining comparative data from which losses in the volume 
of ice might be computed. 

The first of these plane table surveys, covering the lower two miles 
of the glacier’s course (entire length 4H miles) was made in 1931 on a 
scale of 1 : 4,800 and with a contour interval of 20 feet. The second survey 
was made in 1936, and the third, originally scheduled for 1941, was made 
in 1940, because of the evident acceleration of the glacier’s reduction in 
volume. There is available also for at least an approximate comparison 
the topographic map of Moimt Rainier National Park on the scale of 
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1:48,000 and with a contour interval of 100 feet, which was made by the 
Geological Survey in 1910-11. 

The latest report on these surveys, by Fred F. Lawrence, of the 
Geological Survey, includes longitudinal profiles which show that from 
1931 to 1936 the glacier over a stretch of 3,000 feet suffered a reduction 
in thickness of 30 to 60 feet, and from 1936 to 1940 a reduction of 40 to 60 
feet. Toward the terminus these losses increased to as much as 150 feet 
in each period. Since 1910 the vertical losses over the 3,000-foot stretch 
have averaged about 20‘0 feet, the maximum near the middle of the 
stretch being 240 feet. During this 30-year period, therefore, this part 
of the glacier was being reduced at a mean rate of 6.6 feet per year, 
the maximum being 8 feet. That ablation is proceeding at an accelerated 
rate is evident from the fact that from 1931 to 1936 the rate ranged from 
6 to 12 feet per year, and from 1936 to 1940 it ranged from 10 to 16 feet 
per year. 

These figures are only for the portion of the glacier that lies below 
the altitude of about 5,200 feet. Above that level the glacier during the 
period 1931-1936 increased in thickness as much as 40 feet, only to 
decrease again 50 to 60 feet between 1936 and 1940. Unfortunately no 
temperature measurements above and below the 5,200-foot level are 
available, and consequently no correlations between ablation and tempera- 
ture can be made. 

The losses in volume sustained by the Nisqually Glacier in the portion 
covered by the surveys are, during 1910-1931, about 500 acre-feet per 
year; during 1931-1936, about 750 acre-feet per year; and during 1936- 
1940, fully 3,400 acre-feet per year. The tremendous increase in the 
losses sustained by ablation from 1936 to 1941 is not reflected in the hnear 
recession of the ice front, as may be seen in the table given above. That 
fact once more emphasizes the unreliability of recession data as an index 
of volume changes in glaciers. 

In the Rocky Mountains, the Selkirks, and the Coast Range of 
Canada, observations by members of the Canadian Alpine Club and others 
show that most of the glaciers have been more or less constantly in reces- 
sion during the last two or three decades. In several instances a decided 
acceleration of the recession was noted, beginning in or after 1920. The 
situation is in general comparable to that which prevails in the north- 
western United States. 

An adequate discussion of the recent variations of Alaskan glaciers 
would require a whole chapter in itself. No complex of mountain glaciers 
elsewhere in the world has shown greater diversity of behavior nor more 
sudden and rapid changes among its component members. Since 1880, 
in every year that scientific observations have been made, some glaciers 
were advancing while others were receding; and such opposite phases 
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occurred not only between glaciers in widely separated districts but often 
also between glaciers occupying adjoining valleys. For instance, the 
Muir Glacier, in Glacier Bay, between 1899 and 1935 receded 13)^ miles, 
while the Columbia Glacier, in Prince William Sound, 440 miles farther 
up the coast, during the same period merely oscillated back and forth 
between limits 1,000 feet apart on the west side of its 7-mile front and 
mile apart on the east side. Whereas the ice in Glacier Bay by 1935 
had receded a total distance of over 60 miles since Vancouver viewed it in 
1794, the Columbia Glacier in 1935 was still within a few hundred feet 
of the moraine which it deposited on Heather Island, around 1920, and 
at one point it had transgressed that moraine, thus attaining greater 
length than it has had “in more than four centuries” [Field 35, p. 70]. A 
notable example of two adjoining glaciers that are in opposite phase is 
that of the Taku and Mendenhall, near Juneau. The Taku between 1909 
and 1933 advanced 7,600 feet, while the less extensive Mendenhall 
between 1906 and 1933 receded 3,375 feet. 

Interpretation of such striking and apparently anomalous differences 
in the behavior of Alaskan glaciers can for the present be hardly more than 
a matter of conjecture, chiefly because of the paucity of meteorologic 
records. In some instances, moreover, it is rendered doubly uncertain 
because the effects of earthquakes or of changes in the height of the land 
with respect to sea-level may be superimposed upon variations due to 
climatic causes. 

Tarr and Martin [93] by their studies in and around Yakutat Bay 
were led to ascribe the spasmodic and short-lived advances of certain 
glaciers in that district during the first decade of this century to the 
shaking down of huge quantities of snow and firn into the gathering 
basins of those glaciers by the sharp earthquakes that occurred in 1899. 
But those authors nevertheless realized that, though earthquakes may 
account for some of the sudden and swift glacier advances that have taken 
place in different parts of Alaska at one time or' another, they cannot be 
invoked as a general cause of such advances. 

It is, moreover, often difficult, if not impossible, to correlate a given 
glacier advance with an earthquake of a certain date, because of the lag 
that inevitably occurs between the shaking down of the snow in the cirques 
and the initiation of the advance of the terminus. The time in which the 
suddenly accumulated mass of snow is translated as a “wave” from the 
head of a glacier to its terminus depends upon the length of the glacier, 
upon its general conformation, and upon its slope, and necessarily varies 
considerably between different glaciers. In ice streams a dozen or a score 
of miles in length the lag may easily amount to several years. 

The case of the Black Rapids Glacier — the “rimaway glacier,” as 
it was popularly called — whose phenomenal forward rush of 3 miles in 
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1936-37 at one time threatened to block the Richardson Highway to 
Fairbanks, well illustrates the difficulties that may attend the discovery 
of the true cause of such a catastrophic advance. Hance [47] was inclined 
to attribute the cause to excessive snowfall during a period of several 
years in the mountains at the head of the glacier, but earthquake action 
nevertheless is not wholly excluded as a possible cause, inasmuch as 
fairly severe earthquakes did occur in that part of Alaska during the 
preceding years. 

The lack of synchronism between the advances of different groups of 
glaciers, and even of glaciers in adjoining valleys, may in some instances 
find its explanation in unequal distribution of snow precipitation or in 
other purely meteorologic causes; but there can be no doubt that in other 
eases differences in the configuration of the glacier basins, in the arrange- 
ment of the tributary glacier channels within those basins, and in their 
capacity relative to the size of the outflow channel together determine in 
large measure fihe timing, the magnitude, and the speed of the oscillation 
of the respective outflowing trunk glaciers. In a region of such marked 
topographic diversity as Alaska, therefore, it is to be expected that some 
glacier basins will respond more quickly than others, and on a different 
scale, to a given change in climatic conditions. It is, indeed, quite 
probable, as Cooper [23, pp. 58-60] has pointed out, that the prodigious 
recession of the ice in Glacier Bay, and the equally prodigious advance that 
preceded it, were rendered possible in large part by the general configura- 
tion and, especially, the "palmate” arrangement of the converging 
glacier channels in the vast basin that drains into the bay. 

The height at which glaciers have their sources manifestly is also an 
important factor. It will readily be seen that a moderate shift upward 
of the zone of maximum snowfall may result in the dechne and recession 
of the lesser glaciers in a given district that originate on low mountains 
and simultaneously in the upbuilding and advance of the larger glaciers 
that head on lofty peaks. Meteorologic data to prove it are lacking, but 
it may well be supposed that an upward shift of the zone of maximum 
snowfall has actually taken place in some sections of Alaska, as in the 
northern part of Prince Wilham Sound, where the glaciers with low firn 
basins are shrinking and the glaciers with high firn basins are expanding. 

A summary statement of the climatically caused glacier variations 
along the entire coast and in the interior of Alaska being beyond the 
scope of this chapter, only a few generalizations will be offered here. 
These are based largely on recent reports by Field [35], Cooper [21, 22, 23, 
24], and Wentworth and Ray [102]. 

1. Throughout probably all of Alaska the past 50 or 60 years (reckon- 
ing back from 1940) have been a period of predominant , glacier recession, 
though in several districts great and rapid readvances have taken place. 
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2. The net recession during the last 50 or 60 years has been moderate 
on the whole. The majority of the glaciers today reach to within less 
than a mile of the farthest limits which they had previously attained. 

3. The period of greatest glacier extension fell probably within the 
last 150 to 200 years. 

4. At the time of their greatest extension many of the large trunk 
glaciers invaded forests containing trees several hundred years old. These 
maximal advances therefore were the greatest that have occurred in many 
centuries, and probably in more than a thousand years. 

5. As late as 1935 a number of large glaciers in the coastal districts 
were still readvancing and approaching the farthest limits which they 
had previously attained. The majority of these glaciers were in the 
northwestern fiords of Prince William Sound; the others were distributed 
over a 750-mile stretch of coast (air-line) all the way to southeastern 
Alaska. 

6. In 1935 five large glaciers — the Harvard and the Yale, in College 
Fiord, the Columbia, in Prince Wilham Sound, the South Crillon, on the 
coastal side of the Fairweather Range, and the Taku, near Juneau — ^were 
farther advanced than they had been in many centuries, and all of them, 
except the Columbia, were invading matxu-e forests or old alder thickets. 

7. On the other hand, most of the lesser glaciers, even those in the 
immediate vicinity of the advancing trunk glaciers, were receding or 
growing thinner. 

8. In two districts — around Yakutat Bay and Glacier Bay — the 
greatest ice expansions appear to have occurred during the middle or the 
second half of the eighteenth century, and recession, interrupted by 
occasional periods of stagnation or readvance, has prevailed ever since. 
In Glacier Bay recession has assumed the proportions of partial deglacia- 
tion, the main fiord having become ice-free over a length of about 
60 miles. 

9. The mountain fastnesses that lie to the northeast of the St. Elias 
Range — chiefly in Yukon Territory — ^together with the adjoining Alaskan 
ranges, comprise today the most extensively and most completely glacier- 
ized section of North America, and probably have retained that aspect 
essentially unchanged ever since Pleistocene times. 

Data concerning the recession of glaciers in other parts of the world 
are relatively scanty. From the reports of explorers and mountain 
climbers it is clear that throughout the length of South America, from the 
Andes of Venezuela and the Sierre de Santa Marta of Colombia south to 
Patagonia, the glaciers are now generally in recession and have been for 
several decades. Many of them, it is apparent from published photo- 
graphs, have retreated only a short distance from the moraines which 
they laid down during the last advance. Their relations to these moraines 
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are closely analogous to those characteristic of the glaciers in the western 
United States. 

The small glaciers in Africa — on the Kilimanjaro group, Mount Kenia, 
and Mount Ruwenzori — are likewise in recession, and some of them are 
on the verge of extinction. 

Among the glaciers of the numerous Asiatic ranges those of the 
Caucasus are perhaps the most frequently observed. Kalesnik [57] lists 
96 of them and notes that recession is general among them, but that 
advances have taken place in 1877-87, 1907-14, and 1927-33. A general 
advance apparently occurred in 1850-60, and the record as a whole 
corresponds closely with that of the European Alps. In Turkey, Iran, 
and Turkestan recession has been particularly rapid since the end of the 
nineteenth century, but some glaciers advanced during the period 1906-15. 
The Fedtchenko Glacier, which is probably the greatest in Asia, and 
measures 48 miles in length, made notable advances in 1870 and 1914 but 
is now receding. Kalesnik [57, p. 686] stresses the point that “during 
the recession periods all glaciers retreat, and during the periods of advance 
some of them advance, whereas others continue to retreat.” That 
statement expresses the conditions that prevail throughout central Asia — 
in the Altai, Tianschan, Pamir, Hindukush, Karakorum, Kuenlun, and 
Himalayan ranges. Particularly significant, as coming from a glaciologist 
of the modern school, is Finsterwalder’s [36, pp. 103-106] dictum that the 
glaciers in the Nanga-Parbat district (Kashmir) are retreating slowly from 
moraines of an advance that “with certainty” can be correlated with that 
of the 1850’s in Europe. The certainty is based on a remarkably accurate 
portrayal of the Chungphar Glacier in a painting of the Nanga Parbat 
group which A. Schlagintweit made in 1856. 

The small glaciers in the Nassau Mountains of New Guinea, accord- 
ing to von Dosy [98] also have receded recently, leaving fresh ternoinal 
moraines that are still devoid of vegetation. Even within 4 degrees of the 
Equator, therefore, the climatic change that is causing glaciers to shrink 
throughout the world has made itself felt. 

Appreciable recession of the glaciers of New Zealand has recently 
been reported by Speight [88, 89]. Observations on several of the major 
ice streams have been made at intervals as far back as 1865 and indicate 
in the main recession interrupted by repeated brief readvances. Definite 
measurements show that from 1909 to 1921 the Franz Josef Glacier 
was receding; from 1926 to 1934 it advanced somewhat; from 1934 to 
1938 it receded slowly; and since 1938 its recession has been phenomenal. 
Recent terminal moraines are lacking in many valleys, owing to the 
destructive action of the rivers, but freshly abandoned lateral moraines 
indicate both recession and reduction in the thickness of the glaciers. 



GLACIERS 


203 


The Tasman and Fox Glaciers have changed but little in length in several 
decades, but their bodies in the same interval have lost fully 150 feet in 
thickness. 

Diminution of the ice cover of Antarctica is attested by only a few 
observations, but these are quite definite. Particularly convincing is 
Fleming’s [37] report that certain glaciers near Marguerite Bay, on 
Palmer Land, are now so depleted that they are stagnant and their lower 
portions are mantled with morainal and talus material. He also describes 
“fringing glaciers” that are situated on narrow rock platforms at the base 
of coastal cliffs, which are probably relics of once extensive shelf ice “that 
must have broken away from the coast quite recently” [38]. These relict 
masses in his opinion are evanescent features that will not endure long if 
present climatic conditions persist. It is evident, further, that some of 
the tabular ice masses that lie on small coastal islands are remnants of 
recently vanished shelf ice that once had considerable extent. According 


Areas covered by glacier ice {after Thorarinsson) 


Region 

Continental Europe: 

Alps 

Pyrenees 

Scandinavia 

Total: 

Continental Asia: 

Caucasus 

Turkestan 

Karakorum 

Other Asiatic ranges 

Total 

Africa 

New Guinea 

New Zealand 

Continental North America 

Continental South America 

South Polar regions: 

Antarctica 

Sub-antarctic islands 

Total 

North Polar regions: 

Iceland 

Jan Mayen Island 

Spitsbergen Archipelago 

Franz Josef Archipelago 

Novaya Zemlya 

Zevernaya Zemlya 

Greenland 

North Canadian Archipelago . 

Total 

Grand total for the world 


Areas of 
Glacier Ice 
(Square Miles j 


1,930 

20 

1,930 

3,880 

770 

3,500 

5,300 

33,700 

43,270 

8 

6 

386 

30,900 

9,600 


5,019,300 

1,150 

5,020,450 


4.830 
40 

22,400 

6,560 

5,790 

5.830 
637,100 

38,600 

721,150 

5,829,670 
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to Gould [42, p. 1392] even the Ross Shelf Ice, which lies in a sheltered 
embayment, is gradually diminishing in area. 

It is to be noted, however, that all these reported evidences of me- 
shrinkage are from the coastal fringes of Antarctica, which have a maritime 
climate. In the interior of the continent, very probably, the ice sheet 
is in a nearly static condition owing to the continentality of the 
climate, which is intensified by the great altitude, by the extremely low 
temperatures, and by the persistent anticyclone. The prevailing view 
among antarctic explorers is that the ice sheet in the interior is in a 
depleted state, not as a result of increased ablation but owing to diminished 
precipitation. Whereas practically all other bodies of land ice on the 
globe are perceptibly shrinking as a result of increasing warmth, the 
antarctic ice sheet is wasting very slowly under exceptionally frigid and 
arid conditions. 

The areas of glacier ice now in existence in different parts of the 
Earth are indicated in the table at the bottom of page 203 which is based 
upon figures published by Thorarinsson (96, pp. 136, 140). 

Earlier glacier oscillations of the historic period and their 

RELATION TO THE PLEISTOCENE ICE AGE 

The general advance of the glaciers in the Alps that culminated 
during the 1850’s was preceded by several other advances of approxi- 
mately the same magnitude during the seventeenth, eighteenth, and 
nineteenth centuries. Naturally those earlier oscillations are less fully 
recorded than the one of the 1850’s, yet the data suffice to establish their 
sequence quite definitely. Particularly significant is the fact that the 
major advances were essentially synchronous in all parts of the Alps. 
Each advance and each recession evidently was called forth by one and 
the same climatic pulsation that made itself felt throughout the moun- 
tain system. As a rule, however, the oscillations were more accentuated 
in 'the western Alps than in the eastern. 

The earher records, of course, are not based on scientific observations. 
They are found chiefly in legal documents relating to the havoc that was 
wrought to human habitations and privately owned lands by catastrophic 
glacier advances or by the torrential streams that accompanied them. 
Little or no mention is made of the uneventful intervals when the glaciers 
were in a state of stagnation or slow recession. 

In Switzerland the Upper and Lower Grindelwald glaciers, which are 
situated in close proximity to the village of Grindelwald, have ever been 
among the most assiduously watched. About 1595 both of those glaciers 
began to issue from the rugged mountain valleys in which they had been 
previously ensconced, and about 1620 they attained their farthest limits 
on the lowland — the farthermost limits they have reached during historic 
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times. In 1719 they again came forward, and so rapidly, that the terrified 
villagers appealed to the authorities to take measures to drive the glaciers 
back. Whereupon, it is related, the glaciers did go back. Other notable 
advances occurred in 1743 and 1770. The 1770 advance lasted nine 
years. It is evident that those were times of harsh climatic conditions. 
The first half of the nineteenth century was little better, for a strong 
advance which started in 1814 and culminated in 1819 to 1822 nearly 
equalled the one of the early 1600’s. In 1838 began the slower and more 
protracted advance whose climax, about 1850, marked the turning point 
in the modern glacial history of central Europe. 

Closely comparable is the record of the Vernagtferner, in tke Tyrolese 
Alps. It is based chiefly on the inundations of a side valley that were 
caused each time the glacier advanced far enough to block its mouth. The 
dates of those inundations are 1599-1601, 1678-1681, 1771, 1820, and 
1848. Many other glaciers in the eastern Alps made advances in approxi- 
mately the same years. 

Most dramatic are the accounts, written in quaint old French, of 
the devastations that have been caused in the valley of Chamonix by 
advances of the glaciers on the Mont Blanc chain. Rabot [76] has 
brought these accounts together from documents found in the archives 
of Chamonix, They show that in the closing years of the sixteenth 
century and the opening years of the seventeenth the glaciers descended 
from their hanging valleys and, spreading out upon the floor of the main 
valley, partially overwhelmed several villages and damaged much land. 
A second, somewhat greater advance in 1609 to 1611 completed the 
destruction of the villages, and a third in 1640 to 1644 caused additional 
ruin. 

There ensued a prolonged period of prevailing stagnation and reces- 
sion, interrupted by occasional minor advances. Then, in 1770, a new, 
sharp advance took place, and with the turn of the century a more gradual 
advance set in that culminated between 1818 and 1825. Some of the 
glaciers then reached nearly as far as they had in the seventeenth century. 
The final advance of the 1850's fell but little short of that of the 1820’s. 

At least 14 major and minor glacier advances appear to have occurred 
in the Alps between 1595 and 1939. Attempts to discover a rhythmic 
periodicity in them and to correlate them with definite climatic cycles have 
met with only partial success. Richter [79] endeavored to correlate the 
first 9 advances (up to 1891) with Brfickner’s 35-year climatic cycle, but 
found no consistent correspondence. The- periods between successive 
glacial maxima ranged actually from 20 to 4^ years. Faith in the Briick- 
ner cycle is not as strong now as it was in the nineteenth century. Neither 
has any distinct 11 -year period that might be linked with the sunspot 
cycle been discovered in the record of .glacier oscillations. 
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These matters cannot be discussed here at any length, as that would 
require a detailed analysis of all the European glacier records, but it is 
pertinent to point out that those records, as they now stand, are neces- 
sarily incomplete, especially for the seventeenth and eighteenth centuries. 
Only the more prominent glacier advances that attracted popular atten- 
tion were then recorded. The lesser ones often escaped notice or were 
forgotten. The Recorded advances, moreover, were chiefly those of the 
longer valley glaciers whose response to climatic pulsations usually lagged 
considerably, and in varying degrees, behind their occurrences; and it is 
quite probable that the effects of some of the weaker climatic pulsations 
died out before they reached the termini. It is a noteworthy fact that 
since systematic annual measurements to the termini of glaciers have been 
instituted, and supplementary observations have been made on increases 
or decreases in the thickness of glaciers, the statistics indicate a greater 
frequency of oscillations than was previously recorded. The advances 
now appear to recur at intervals of only 6 or 8 years. 

The most significant fact that stands out from the glacial records of 
the entire historic period is, in the writer’s opinion, that toward the end 
of the sixteenth century the climate of central Europe grew distinctly more 
severe than it had been before. The destruction of the villages by advanc- 
ing glaciers at the beginning of the seventeenth century implies, unques- 
tionably, that milder conditions had previously prevailed in the Alps 
for at least several hundred years. As Rabot has pointed out, the moun- 
tain folk would hardly have built their settlements in places which they 
thought might possibly be menaced by glaciers. It may reasonably be 
concluded, therefore, that throughout the Middle Ages, and perhaps even 
during still earlier times, the glaciers in the Alps were relatively small and 
sufficiently remote from the main valleys to cause no apprehension about 
a possible invasion from them. 

That the more severe climatic conditions that set in toward the end 
of the sixteenth century have in the main persisted until the present time 
is evident from the fact that, in spite of the recent recession, many glaciers 
in the Alps are still larger today than they were in the Middle Ages. The 
silver mine from which the village of Argentiere, in the valley of Chamonix, 
takes its name, and which was being worked during the Middle Ages, i's 
still buried under the ice. The village of St. Jean de Perthuis, in the 
Veni valley, south of the Mont Blanc chain, which about 1600 was over- 
whelmed — church and all — ^by the Brenva Glacier, also remains under the 
ice. Ditches dug to supply communities in the valley below the Great 
Aletsch Glacier with potaBle water remain abandoned because their 
intakes still are covered by that glacier. Many other bits of evidence of a 
like nature might be cited. 
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Kinzl [58], from a comprehensive survey of the moraines of the 
historic period in the Alps and of their relations to the youngest moraines 
of the Pleistocene ice age, has concluded that the historic moraines date, 
in general, from three main epochs of glacier expansion — those of the 
early 1600’s, the 1820’s, and the 1850’s. He finds no evidence of the 
occurrence of glacier expansions of like magnitude prior to the end of 
the sixteenth century. The next older moraines in the valleys of the Alps 
he holds to be those of the “Daun stadium" — the last notable readvance 
of the declining Pleistocene glaciers. Accordingly, he feels justified in 
declaring that the glacier advances of the last 300 years are the greatest 
that have occurred since the Pleistocene ice age. Those 300 years there- 
fore comprise really a separate epoch of glacier expansion, a lesser ice age, 
that was preceded by a warm period of considerable duration. 

The occurrence of that warm period, in the middle of the Post- 
Pleistocene interval, is abundantly and conclusively attested in the Alps 
by peat deposits and forest remains at high altitudes that show that 
the timber line then reached 1,000 to 1,300 feet higher on the mountains 
than it does today. The regional snow line, it follows, must have lain 
correspondingly higher, and the glaciers must have been much smaller 
than they now are. Some of the lesser ones probably vanished altogether 
but were regenerated later, when cooler and moister conditions brought 
the snow line down again. 

In Scandinavia the glacier oscillations of historic times are less fully 
recorded than in the Alps, but there is definite information that the last 
quarter of the seventeenth century and the first half of the eighteenth were 
times of general glacier expansion and increasingly severe weather condi- 
tions, causing farms in the upper valleys of the Jostedal district to be 
abandoned. The climax came about 1748 to 1750. 0yen [69] discovered 
that the moraines of that period overlap lands that had previously borne 
vegetation for a long time during the Post-Pleistocene interval. Ham- 
berg [46], as early as 1896, felt reasonably certain that in the Kvikkjokk 
district some of the Pleistocene glaciers had disappeared entirely during 
the warm period and that some of the present small ice bodies there had 
been formed anew in relatively recent times. 

The glaciers of Iceland, it is evident from the scattered historic 
data which Eythorsson [33] and Thorarinsson [95] have gathered, have in 
general synchronized rather closely in their major oscillations with the 
Scandinavian glaciers. There is little doubt that at the time of its 
colonization by the Norsemen, about the end of the ninth century, and for 
several hundred years thereafter, Iceland had a milder climate and less 
extensive glaciers than it has today. But already in the fifteenth century 
farms situated near glaciers were being abandoned, and such instances 
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became more frequent during the stressful period that lasted from the end 
of the seventeenth century to the middle of the eighteenth. New cirque 
glaciers even came into existence at that time— cirque glaciers that have 
not vanished since. From the 1750’s on, however, the glaciers have been 
generally smaller, though their recession was interrupted by the readvances 
of 1850 and 1890. 

It has been observed repeatedly that the outlet glaciers of Iceland’s 
Vatnajokull bring forth fragments of peat and trunks of birch trees, 
thereby showing that they have overridden land that once was covered 
with fairly dense vegetation. Only scrubby birches a few feet high now 
manage to survive the Iceland winters, but the trunks that are being 
washed out from the glaciers, according to Ahlmann [5, p. 182], attest 
the former existence of “a birch forest which must have been luxuriant 
for Iceland.” There is good reason to believe that the relatively genial 
conditions thus indicated date back to the time of the Post-Pleistocene 
“climatic optimum.” It is, moreover, entirely probable, in the opinion 
of A h lmann [3, pp. 205-206] that the ice caps and glaciers of Iceland, 
Spitsbergen, and Scandinavia are to be regarded as “manifestations of a 
recurrent glaciation after the postglacial warm period.” 

Some of the small independent ice caps and glaciers situated in the 
coastal fringe of partly bare land that surrounds the inland ice of Green- 
land are probably also of Recent origin. On the upper Nugssuak Penin- 
sula, Demorest [28] found small firn masses that apparently had not been 
in existence long enough to be recrystallized into true glacier ice in their 
basal layers. These he believes to be Post-Pleistocene accumulations 
rather than remnants of the main ice sheet. It is not impossible, in the 
present writer’s opinion, that, like the new cirque glaciers in Iceland, they 
date from the eighteenth century. On climatological grounds alone it 
might be expected that in Greenland as in Iceland the last three centuries 
were a time of general ice expansion. It is significant, in any event, that 
in several coastal districts the natives maintain that not long ago certain 
glaciers advanced and buried old Norse ruins [Carlson 15]. 

Another region where glaciers have overwhelmed ancient forests 
during late Post-Pleistocene time is Glacier Bay, in southeastern Alaska. 
The phenomenal recession of the ice during the past 150 to 200 years 
there has uncovered extensive deposits of glacial outwash gravel, and, 
buried beneath those deposits, as is revealed at many points by the eroding 
action of streams and the waves of the Bay, stand the stumps of an old 
forest, still erect and rooted where the trees grew. The wood of these 
stumps and, in some places, the bark and the moss on them, are well 
preserved. There is no sign of petrifaction. 

The gravel is manifestly of very recent origin and in all probabihty 
was laid down by the waters that flowed from the ice during the last 
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great advance, not many centuries ago. It was overridden by the ice 
during the culminating phases of the advance and partly eroded away; as 
a consequence in some places the buried trees are found ail decapitated 
at about the same level. In other places the gravel deposits are over 
200 feet thick and contain occasional layers of soil with plant remains 
and even stumps of trees. It is thus evident that the advance was not a 
brief, transient episode but really a fairly long period of prevailing glacier 
expansion during which the ice front oscillated back and forth repeatedly 
and the outflowing streams often shifted their courses. 

The remnants of the ancient forests buried beneath the gravels have 
been viewed and described by the scientists of several successive expedi- 
tions, but it has remained for a plant ecologist — William S. Cooper 
[21, 22, 23, 24] — to make the intensive studies that have given us a general 
insight into the history of the great glacier advance that overrode the 
forests and of the long period of deglaciation that preceded it. The follow- 
ing data therefore are based chiefly upon his writings. 

The ancient forest was composed of hemlock and Sitka spruce — the 
same tree species that make up the climax forest of the Glacier Bay 
region at the present time. No appreciable climatic change is therefore 
indicated by the ancient forest, but the fact that it was composed pre- 
dominantly of hemlock, which is normally the last species to gain ascend- 
ency in the plant succession in the Glacier Bay region, shows that the 
ancient forest had been in existence for a long time. Ring counts indi- 
cate that many of the trees in it were over 200 years old. One had 
383 rings and showed evidence of suppression during its youth by trees 
of an older generation. Some trees clasp in their roots decayed logs of 
considerable age. There is thus abimdant reason to believe that the 
forest had been fully established in climax phase for a thousand years or 
more. 

Again, it is evident from Cooper’s investigations in 1935, that the 
chmax phase of the forest extends undiminished as far up Muir Inlet as 
the ice has withdrawn. It is therefore probable, in his opinion, that it 
ranged much farther over the relatively low lands to the east of the Bay, 
and even up the mountain sides, to the height of the present timber line, 
which is at about 2,000 to 2,500 feet. That the climax forest could have 
covered so large an area, however, implies widespread and prolonged 
deglaciation. 

All of these considerations, it seems to the present writer, preclude 
the possibility that the buried forest of the Glacier Bay region dates 
back to some period less remote than the middle of Post-Pleistocene time, 
for, so far as our present knowledge goes, the cool climate of the last 
4,000 years, though it has fluctuated frequently, has never been, inter- 
rupted by any warm interval of the order of a thousand years or more. 
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Abundant confirmatory evidence of a '' climatic optimum” in the 
middle of the Post-Pleistocene interval has recently come from micro- 
scopic studies of pollen grains found entombed in peat bogs. Such 
studies, designed to identify the different types of vegetation that have 
succeeded one another during Post-Pleistocene times, were initiated in 
Sweden by L. von Post and G. Erdtman, and have since been carried on 
by a number of plant ecologists in different parts of Europe and North 
America. They reveal, most clearly in the northern districts, that 
during the first few thousand years after the withdrawal of the continental 
ice sheets the hardy spruce and fir forests advanced northward and were 
gradually replaced by pines; that the pines later made way for oak, 
hickory, beech, and maple forests, which require a fairly warm climate ; 
and that, finally, within the last few thousand years the deciduous trees 
were again crowded back to some extent by southward retreating conifers 
[Cooper 25]. 

Similar evidences of a gradual amelioration of the climate in early 
Post-Pleistocene time, of a succeeding period of relatively mild climate, 
and a final return of somewhat cooler conditions in late Post-Pleistocene 
time, are indicated also for the southern hemisphere by the ‘'pollen 
analyses” which Cranwell and von Post [26] have made from samples of 
peat collected in New Zealand by Caldenius. The types of vegetation 
identified by these analyses differ greatly from those that are found in the 
peat deposits of the northern hemisphere, yet they tell essentially the 
same story. Corroborative evidence from other parts of the southern 
hemisphere is needed before definite conclusions can be based upon these 
initial studies by Cranwell and von Post, but the expert character of 
their research meanwhile warrants at least provisional acceptance of their 
findings as indicating that the major climatic changes that have occurred 
in the southern hemisphere during the Post-Pleistocene interval have 
been essentially synchronous with those in the northern hemisphere. 

There remains the question, how long ago, in terms of years or 
centuries, the cool and moist period began that brought with it the mild 
recrudescence of glacial conditions of historic times? The figures indi- 
cated by the pollen analyses vary considerably and in themselves afford 
no really conclusive answer. They range all the way from 1,000 to 
4,000 years. Some of the analyses do not show any definite evidence of a 
return to cooler conditions. Naturally, much depends in each case upon 
the latitude of the locality, the regional climatic conditions, and a variety 
of local factors that can for the most part only be surmised. However, 
other clues such as have been obtained from remains of animal life pre- 
served in lake silts, ancient beaches, and calcareous tufa deposits, point 
in general to figures close to 4,000 years. According to Antevs [8] Euro- 
pean students of Post-Pleistocene plant and animal remains now generally 
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regard 4,000 years as a rough measure of the time that has elapsed since 
the warm period came to an end. The year 2,000 B. C. therefore com- 
monly appears in their writings as the approximate date of the transition. 

However insecure these figures for the duration of the cool period may 
seem, it is probably no mere coincidence that closely accordant figures are 
indicated by calculations based upon entirely different classes of data — 
chiefly geologic, geomorphologic, and hydrologic data. Among these 
calculations are several from American sources, and of these the more 
significant deserve mention. 

1. At the head of Portland Canal, the narrow fiord that separates the 
southernmost tip of Alaska from British Columbia (latitude 56°), the 
Bear River has built a small delta. That delta, according to Hanson [48], 
is composed very largely of glacial silt derived from several small glaciers 
situated at the head of the Bear River. From his measurements of the 
rate at which the frontal margin of the delta advances from year to year, 
as the result of continued deposition of sediment, Hanson calculates that 
the entire delta was built in about 3,600 years. The glaciers at the head 
of the river, he therefore concludes, can not have been in existence more 
than 3,600 or possibly 4,000 years. They are not shrxmken remnants of 
the large glaciers that filled the valley during the Pleistocene epoch, but 
modern glaciers that were formed when cooler and moister conditions 
returned after the prolonged warm period that caused the Pleistocene 
glaciers to melt away. 

2. Abert Lake and Summer Lake, in southern Oregon (approximate 
latitude 42°-40'), are two shallow saline desert lakes that occupy the 
lowest portions of a broad depression which in Pleistocene times contained 
one large and deep saline lake that had no outflow. They have long been 
regarded as remnants of that ancient lake, but examinations by Van 
Winkle [97] leave no doubt that their salt content is much too small to 
represent a concentrate due to the progressive evaporation of that large 
body of water. He therefore interprets them to be pools of relatively 
recent origin that were formed after a prolonged period of desiccation 
during which the salts precipitated from the ancient lake had become 
buried under alluvial material or absorbed by the underlying lacustrine 
silts. From their present salt content, the quantity and quality of the 
inflowing waters, and the probable rate of evaporation. Van Winkle 
estimates that Abert Lake and Summer Lake both originated in round 
numbers 4,000 years ago. 

3. Closely similar is Antevs’ [9] interpretation of the Post-Pleistocene 
history, of Owens Lake, in California (latitude 36°-25')- That lake was 
formerly regarded as a remnant of the much larger and deeper body of 
water that occupied the lower end of Owens Valley during late Pleistocene 
time, but it is now seen to be a new pool that came into existence after the 
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lake basin had been desiccated during the warm middle part of the Post- 
Pleistocene interval. During that period of desiccation the salt left from 
the Pleistocene lake was gradually buried under alluvium brought in by 
short-lived freshets and presumably also in part under wind-blown sand. 
As a result the basin was “freshened,” so that, when the new lake was 
formed with the advent of cooler and moister conditions, it started its 
life as a body of essentially fresh water and concentration of salt began 
anew. Gale [39] had previously calculated that the amount of salt which 
Owens Lake contained in 1912, before water was diverted from Owens 
River into the Los Angeles Aqueduct, had required approximately 4,000 
years to accumulate. It may reasonably be supposed, therefore, that the 
cooler and moister conditions that regenerated the lake set in about 
4,000 years ago. 

It is the present writer’s belief that the history of the drying up 
of the large Pleistocene Owens Lake and the subsequent birth of the small 
modern Owens Lake furnishes the key also to the Post-Pleistocene history 
of the glaciers of the Sierra Nevada [Matthes 66, 67]. The modern lake 
is fed largely— in many years almost exclusively-— by melt water from the 
abundant winter snows on that range. Direct precipitation in the form of 
rain is normally insignificant on the east flank of the range and in Owens 
Valley, which has justly earned the name of “the land of little rain.” The 
same abundant snows that feed the lake also maintain the fifty-odd small 
glaciers on the range. It can hardly be doubted that the large ancient 
Owens Lake was contemporaneous with the great Pleistocene glaciers 
of the Sierra Nevada, some of which attained lengths of 30 to 60 miles; 
neither can it be reasonably doubted that when the temperature rose and 
the snow on the range was so reduced that it failed to maintain the 
ancient lake in existence, it likewise failed to maintain the glaciers. The 
present small glaciers are losing annually 3 to 6 feet of ice from their 
surfaces by ablation, and, as they are only 200 to 300 feet thick, are at 
that rate likely to vanish in less than a century. Several of them already 
have vanished during the last 50 years. It does not seem likely, therefore, 
that these small ice bodies, which evidently were delicately adjusted to 
the climatic conditions of the past centuries, could have survived the long 
warm period that caused the complete desiccation of Owens Lake. 

The testimony of the moraines points to the same conclusion. There 
is a notable absence of any gradational series of successively younger 
moraines leading up from the Wisconsin moraines in the canyons below 
to the fresh-looking modern moraines that lie close to the ice fronts, and 
there is nothing to suggest that those modern moraines were formed 
merely by the last of a long, series of recessional stages of the glaciers. 
They form an entirely separate group of very recent origin. Their 
volume of rock waste, moreover, is too small to represent an accumulation 
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of 10,000 years or more. There is thus, on this score also, good reason to 
believe that the present glaciers of the Sierra Nevada, like the modern 
Owens Lake, are creatures of the cooler and more snowy period that 
followed the Post-Pleistocene “climatic optimum.” They are successors 
to, rather than remnants of, the large glaciers of the Pleistocene epoch, 
and their age is presumably about the same as that of the present Owens 
Lake — that is, about 4,000 years. 

The history of the Sierra glaciers, it will be seen, is essentially analogous 
to that of the glaciers at the head of the Bear River, and that fact implies 
that hundreds of other small glaciers on the Cordilleran ranges of North 
America, between latitudes 37° and 56° — and doubtless still others farther 
north — were reborn during the last 4,000 years. To the writer it seems 
entirely probable from his observations on Post-Pleistocene moraines that 
the great majority, perhaps all, of the cirque glaciers on the Sierra- 
Cascade chain and on the various ranges of the Rocky Mountains within 
the continental United States belong to the modern generation. Only 
the main glaciers, several miles in length, that are situated on such peaks 
as Mount Olympus, Mount Baker, Mount Rainier, and Glacier Peak, are 
probably survivors from the Pleistocene ice age. If so, however, they 
must have shrunk greatly during the Post-Pleistocene “climatic optimum” 
and reexpanded during the last 4,000 years. 

That the Cordilleran ranges of North America today bear a far greater 
load of glacier ice than they bore some 5,000 years ago is no longer open 
to question. The same is true of Iceland, Scandinavia, and the Alps. 
In each of these regions there is indubitable evidence of a general reexpan- 
sion of the glaciers that took place during the last few thousand years; 
in each of them, also, there exist small glaciers that clearly have been 
formed since the Post-Pleistocene “climatic optimum.” Particularly 
convincing examples from different parts of the Alps have recently been 
described by Lichtenecker [61]. The photographs published by him show 
small glaciers of precisely the same type as the reborn glacierets on the 
mountains of the western United States, and fronted by precisely the 
same kind of modern moraines as the latter. It is to be noted, however, 
that although the small European glaciers in question are confidently 
stated to have originated within the last 4,000 years, no tangible data are 
adduced from which their age might be calculated, or even roughly 
estimated. Only in North America has it been found possible, thus far, 
to estimate the approximate age of certain glaciers of the reborn, modern 
kind from the age of contemporaneous physiographic features that exist 
in their vicinity. These are the glaciers at the head of Bear River, in 
British Columbia, and the glaciers of the Sierra Nevada, in California. 
Significantly, the estimates for the two groups yield closely accordant 
figures. 
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In conclusion it may be remarked that the present period of glacier 
recession, which is already threatening the extinction of many of the lesser 
ice bodies — notably those of the reborn class — does not necessarily presage 
the end of this latest chapter of glacial history, which has lasted some 
4,000 years thus far. It may merely mark the beginning of a brief 
interlude of moderate glacier shrinkage that will be followed ere long — 
possibly within a few decades from now — by another period favorable to 
glacier growth. That the “little ice age” of the last 4,000 years has been 
interrupted frequently by such interludes of glacier shrinkage is evident 
from the disposition of the modern moraines at the fronts of many reborn 
glacierets in closely spaced, concentric series. It is evident also from the 
arrangement of the laminae of ice in the glacierets themselves, in groups 
divided from one another by planes of discontinuity — unconformities, as 
geologists ^)vould call them. Should, however, the present period of 
increasing warmth and glacier recession continue indefinitely, it would 
surely result in widespread deglaciation and in increasing aridity over 
large areas. Conditions such as prevailed during mid-Post-Pleistocene 
time might then return, the deciduous forests would again extend them- 
selves northward at the expense of the conifers, and hydrologists in some 
parts of the world might face an era of water scarcity to which modern 
civilization might find it difficult to adjust itself. 

SUMMAET 

1. The period of modern history, from about the year 1600 on, has 
been a time of moderate but on the whole persistent glacier expansion 
over the entire Earth. That fact is definitely established by observational 
records in the Alps, in Scandinavia, and in Iceland. In the continental 
United States it is to be inferred from the character and disposition of the 
modern moraines of the glaciers on the western ranges, which moraines 
are closely analogous to those of the historic period in Europe. In New 
Zealand, likewise, it may be inferred from the modern moraines. 

2. The glaciers of the Alps, Scandinavia, and Iceland made repeated 
advances and attained their greatest extension since the Pleistocene epoch 
during the seventeenth, eighteenth and nineteenth centuries. In Alaska 
many glaciers have recently invaded forests that contain trees several 
centuries old and may have been in existence more than a thousand years. 

3. There is abundant evidence in the Alps, in Scandinavia, and in 
Iceland that the climate was milder during the Middle Ages than it is at 
present and permitted communities to exist and farming to be carried on 
in places that have been since invaded by advancing glaciers or devastated 
by glacial streams. 

4. There is, further, abundant evidence, especially in the form of 
vegetal remains at high altitudes in the Alps, of tree trunks washed out of 
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glaciers in Iceland, and of pollen of deciduous trees entombed in northern 
bogs, that the moderate recrudescence of glacial conditions during historic 
times was preceded during the middle part of the Post-Pleistocene interval 
by a long period of climate warmer than the present. The sequence of 
pollen types in New Zealand bogs indicates a similar story for the southern 
hemisphere. 

5. Circumstantial evidence in British Columbia and the Sierra Nevada, 
in California, warrants the inference that many of the lesser glaciers on 
the Cordilleran ranges of North America are, not remnants of Pleistocene 
glaciers, but “modern” glaciers that came into existence during the cooler 
period that followed the “climatic optimum” of Post-Pleistocene time. 
The age of those “modern” glaciers, as indicated by the calculated age 
of the Bear River delta on the one hand, and that of Owens Lake, in 
California, on the other hand, is probably between 3,600 and 4,000 years. 

6. The present recession of the glaciers, which began in the 1850’s and 
which since 1920 has proceeded at an accelerated rate, is merely the 
latest episode in this “little ice age.” It may mark the end, or it may not. 
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CHAPTER VI' 
LAKES 


Sidney T. Haeding^ 

INTRODUCTION 

Lakes are bodies of water filling depressions in the earth’s surface. 
They range in area from small ponds to inland seas and in depth from a 
few feet to 2,000 feet. Although lakes are usually continuous during 
their geologic life, many are temporary, becoming alternately filled and 
dry, owing to fluctuations in their water supply and to evaporation. 

Lakes are important in the topography and water supply of many 
drainage areas. They occur more abundantly in areas of some types of 
geologic formation than in areas of other types but are widely distributed. 
Among the larger groups of lakes in the United States are the Great 
Lakes, the Florida lake areas, and the enclosed lakes of the Great Basin. 
In addition there are large numbers of small lakes, such as those in the 
glaciated portions of the States adjacent to the Great Lakes, which, 
though not individually large, cover a considerable total area. 

Lakes represent a natural form of storage, which usually is beneficial 
in regulating stream flow, although lakes of large area and shallow depth 
may lose a large proportion of their inflow by evaporation. Lakes are 
used for water supply for municipal use, power, and irrigation, for naviga- 
tion, for recreation, and for wild life. Many lakes have been converted 
into artificial reservoirs by raising their surface by dams or by lowering 
and controlling their outlets. 

The proportion of a drainage area that may be maintained as water 
surface varies widely. In arid regions the runoff is insufficient to support 
more than a minor percentage of the drainage area as a water surface. 
In some humid areas rainfall exceeds evaporation and the entire drainage 
area could be supported as a lake if the basin had no outlet. There are 
drainage areas with large outflows in which over one-third of the total 
area consists of lakes. 

Lakes have a very slight range "in level where their area and outlet 
capacity are large. Some lakes fluctuate through a wide range both 
within the year and over longer periods. Lakes that exist only after brief 
periods of inflow and soon evaporate to dryness are called playas ; these 
are of wide occurrence in desert areas. Some lakes that cover large areas 

^ Professor of Irrigation, University of California, Berkelev, Calif, 
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and may attain considerable depth during a series of years of more than 
average precipitation become depleted or entirely dry during periods of 
deficient supply. 

Any lake may pass through all these conditions. It may be formed 
by any one of the agencies that create depressed basins. As soon as it is 
formed it is subject to filling by the material eroded from its drainage area. 
It may be divided into two or more lakes by local deposits of alluvium, or 
its whole area may be gradually filled. It may be destroyed by the lower- 
ing of its outlet by erosion of its outflow or by movements of the earth’s 
crust. 

Swamps include lakes so shallow that aquatic vegetation grows 
within the lake area. Swamps also occur on sloping lands where vegeta- 
tion grows rankly enough to restrict drainage. Many swamps and shallow 
lakes have been drained in order that the reclaimed areas may be used for 
agriculture. 

The variations in size, climatic conditions, character of origin, and 
uses for different lakes make it diflScult to generalize in regard to their 
characteristics and functions. Although generally beneficial in their 
effects, lakes may be wasteful of water and land. 

ORIGIN OF LAKES 

Classifications of lakes based on their origin are presented in several 
texts [16, 18, 22, 24, 26]. These are generally similar and include the 
following: 

1. Lakes on new land areas. 

2. Lakes resulting from glacial action. 

3- Lakes resulting from aqueous agencies. 

4. Lakes resulting from volcanic agencies. 

5. Lakes resulting from movements of the earth’s crust. 

6. Lakes resulting from atmospheric agencies. 

7. Lakes resulting from landslides. 

8. Lakes resulting from miscellaneous causes, such as chemical action, organic agencies, 

and meteors. 

Individual lakes may be formed as a result of the combination of 
more than one of these causes. 

Lakes on new land areas . — The emergence of land from the sea results 
in the preservation in the land forms of the depressions that may have 
existed on the sea floor. These depressions frequently become lakes. 
Such lakes resulting from relatively recent emergence are well illustrated 
by the lakes of Florida, of generally low altitude and small depth. Many 
lakes occur in areas which were formerly covered by the sea but in which 
the topography has undergone major changes during the geologic periods 
since emergence. Such lakes are* not now properly placed in this class. 
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Emergence lakes may be short-lived, as rapid erosion of their outlets may 
drain them dry or erosion on their drainage areas may result in rapid filling. 

Some of the lakes now occupying parts of the areas formerly covered 
by ancient lakes that have disappeared or shrunk as a result of climatic 
changes may be classified in this group if no major topographic change has 
occurred. Present lakes within the former areas of Lakes Bonneville 
and Lahontan, such as Utah Lake and Walker Lake, come within this 
class. 

Lakes resulting from glacial action , — The most extensive lakes resulting 
from glacial action, both in number and distribution, are those formed by 
glacial debris. Birge and Juday [1] have classified glacial lakes as follows, 
on the basis of their study of large numbers of such lakes in Wisconsin: 

1. Pits resulting from the melting of buried ice blocks that were embedded in glacial 
debris. Such lakes generally have steep sides. Many lakes in the Oconomowoc- Waukesha 
area are of this type. 

2. Lakes formed by the damming of preglacial valleys. These are illustrated by Green 
Lake and Lake Mendota. 

3. Lakes formed in depressions between parallel glacial ridges. These are less numerous; 
Big Cedar Lake was mainly formed by such action. 

4. Lakes resulting from inequalities in ground moraine. These are shallow with gentle 
slopes. 

Morainal material may be sufficiently impervious to retain the waters 
of a lake and may also contain sufficient coarse material to prevent drain- 
ing of the lake by erosion of its outlet. Lake George, in New York, is 
formed by a dam of glacial drift deposited across the course of the stream. 
Lake Como, in Montana, and Grant Lake, in California, were formed by 
terminal moraines. 

In addition to the lakes formed by moraines, glacial erosion may result 
in depressions in the rock, which become lakes. Many such lakes occur 
in the higher portions of the Sierra Nevada, but most of them are small. 

Lakes may be formed during glacial periods by the ice of the glaciers. 
Such lakes cease to exist with the melting of the ice. Lake Agassiz [27] 
was formed during the glacial retreat. It covered a large area in Canada 
and extended into the United States. Smaller lakes may be formed by 
ice moving down the main stream channel and blocking the tributaries; 
such lakes have an outlet through or under the ice and are subject to 
relatively large fluctuations as their outlet conditions change. 

Lakes resulting from aqueous agencies . — ^Lakes may be due to stream 
action or to waves and currents. 

Tributary streams may deposit alluvial material across the valley of 
the main stream, forming lakes above the alluvial ridge. Lake Pepin, 
on the Mississippi River, was formed by the deposit of alluvial material 
brought in by the Chippewa River. This lake in turn has been partly 
filled by silt carried by the Mississippi River. The Mississippi River has 
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formed Lake St. Croix by depositing material across the mouth of the 
St. Croix River. Tulare Lake, in California, was formed in the San 
Joaquin Valley by an alluvial ridge deposited across the valley by the 
Kings River. 

The overflow of streams having flat gradients results in raising the 
stream banks by the deposit of the coarser sediments carried by the 
stream. Such action in turn results in the formation of low trough areas 
between the stream and the valley sides, in which water may collect, 
either at times of flood or permanently. Such lakes occur along the lower 
Mississippi and Sacramento Rivers. Similar lakes may occur between 
the distributary channels in flat delta areas. Meandering streams may 
change the location of their channels so as to leave disconnected sections 
or oxbows in which water remains, forming long, narrow lakes. Stream 
action may erode basins large enough to be classified as lakes at the base 
of waterfalls; lakes of this type occupy part of the channel of Grand 
Coulee in Washington [21]. 

Lakes resulting from waves and currents are represented by those 
formed by bars across or along the margins of larger lakes or of the ocean. 
These may be temporary, with the bar broken at times of larger outflow, 
or they may be permanent, with the outflow occurring as seepage through 
the bar. Humboldt Lake, in Nevada, was formed separately from the 
adjacent and slightly lower area of Carson Sink by a gravel bar across its 
south end. This bar is now broken, and water is retained in Humboldt 
Lake only temporarily at times of larger inflow. 

Lakes resulting from volcanic agencies. — ^Lakes may be formed by lava 
streams crossing or closing natural drainage channels. Such lakes occur 
in Lassen National Park [2]. Crater lakes occur within the craters of 
extinct volcanoes. Soda Lake, in Nevada, is of this type. Lakes are 
also formed in the depression resulting from the destruction of volcanoes 
by further eruption. Crater Lake, in Oregon, has been placed in this 
classification. Lakes may also fill depressions in the surface ofdava sheets. 

Lakes resulting from movement of the earth’s artist. — Basins may result 
from earthquake movement and general faulting. Lakes were formed in 
Missouri and Arkansas by general movement of the surface in the New 
Madrid earthquakes of 1811 to 1813 [5]. Lakes may form along fault lines 
where the upheaval on one side of the fault forms an escarpment across the 
former direction of drainage. Lake Abert, in Oregon [22], is the result of 
such action. General tilting of the earth’s surface may form basins; such 
movement accounts in part for the formation of the Great Lakes. 

Lakes resulting from atmospheric agencies. — ^Wind is the principal 
atmospheric agency forming lakes. Drifting sands may form dunes or 
bars, ponding water behind them to create lakes. Such lakes may repre- 
sent the division of larger lake areas or the separation of beach areas from 
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the ocean. The bars may be temporary or intermittent. Moses Lake 
[21], in Washington, is an example of a lake formed in an old stream 
channel by wind action. Shore bars resulting from the combined effect 
of wind, waves, and ice occur along the shores of many lakes and beaches 
and form lagoons or lakes separated from the main lake area. 

Wind erosion in dry periods may deepen depressions, which later 
become filled with water, forming lakes. Drifting sand may form both 
mounds and depressions. Where the depressions extend below the present 
local ground-water level lakes are formed. Many such lakes occur in the 
sand-hill areas of western Nebraska. 

Lakes resulting from landslides. — Slips of the material on the sides of a 
valley may result in filling the stream channel and forming lakes. Such 
lakes may be temporary, such as that formed on the Gros Ventre River, 
in Wyoming, in 1925, in which the erosion of the overflow quickly cut 
through the slide material [3]. The material forming the lake may resist 
erosion, so that the lake remains; such lakes occur in the northwestern 
part of the Great Basin [23, pp. 231-254] and in Kern Lake, on the North 
Fork of the Kern River, in California [15, pp. 291-381]. The lakes of 
this class in the northwestern part of the Great Basin are the result of the 
undermining of capping strata of basaltic rim rocks by stream action, the 
rock material in the slide being sufficiently heavy to resist erosion by 
the overflow of the stream, so that permanent lakes are formed. Some 
valleys in this area are the result of the complete filling of such lakes. 

Lakes resulting from miscellaneous causes. — Some basins are due to 
chemical action, organic agencies, and meteors. In general such basins 
are relatively small. Chemical action is represented by limestone sinks 
resulting from the removal of the rock in solution by water. Lakes due to 
organic agencies include those formed by the building up of coral reefs. 
Depressions in peat or tundra areas may become filled with water to form 
lakes. Dams built by beavers may form pools large enough to be con- 
sidered lakes. Depressions may be formed by the impact of meteors. 

COMPARISON OF PRESENT AND PLEISTOCENE LAKES IN THE GREAT 

BASIN 

Many changes in lakes have occurred since Pleistocene time. Such 
changes are most significant in the areas containing enclosed lakes, as 
their fluctuations furnish an index of the climatic changes that have 
occurred. Changes in lakes in humid areas represent mainly topographic 
changes in the lake basins as a result of all the geologic factors that may 
affect them. 

In the Great Basin Pleistocene lakes occupied much of the lower 
drainage area and have left their records with sufficient clearness to enable 
their history to be determined. A comparison of the present lakes and the 
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climatic conditions that support them enables some estimates to be made 
of the climate necessary for the support of the former large lakes. 

The work of Gilbert [6] on Lake Bonneville and of Russell [19] on 
Lake Lahontan, together with later work by others, has made available 
the record of these lakes. Gilbert found that Lake Bonneville occupied 
an area equal to 37 percent of its total drainage basin, or 58 percent of its 
tributary area. At its highest stages Lake Bonneville overflowed to the 
Snake River drainage basin; its inflow was more than sufiicient to meet 
the evaporation losses of this area. 

Russell reported that Lake Lahontan occupied 21 percent of its total 
basin, equivalent to 26 percent of its tributary drainage area. Jones [14] 
gives 16 and 18 percent respectively for these two areas. The drainage 
area of Lake Lahontan included more land having sparse runoff than was 
included in the Lake Bonneville area, so that Lake Lahontan supported a 
relatively smaller area than Lake Bonneville. Lake Lahontan did not 
overflow. 

The recent areas of Great Salt Lake and Utah Lake represent about 
14 percent of their tributary areas. This is about one-fourth as much as 
the corresponding area supported by Lake Bonneville. 

Russell found that the present lake areas in the Lahontan Basin are 
only about 18 percent of that of Lake Lahontan ; this is equivalent to less 
than 5 percent of their tributary area. Walker Lake has has a recent area 
equal to 3 percent of its drainage area. Honey Lake has had an area equal 
to 6 percent of its tributary area and has also been dry several times since 
1850. Eagle Lake, in Lassen County, Calif., has supported a lake area of 
12 percent of its tributary area. The Humboldt River, draining 15,000 
square miles representing the eastern one-third of the Lahontan Basin, 
has supplied little surplus runoff to Humboldt Lake and Carson Sink from 
the annual precipitation of 5 to 10 inches over much of its drainage area. 

The runoff of the upper Truckee River passes through Lake Tahoe. 
The lower river ends in Pyramid Lake, which overflows at its higher stages 
into Winnemucca Lake. Lake Tahoe has an area of 59 percent of its 
tributary area and maintains an outflow except in some periods of less than 
average precipitation. Its drainage area is high and mountainous and 
represents the most productive portion of the basin. Prior to extensive 
diversion of their inflow for irrigation, the area of Pyramid and Winne- 
mucca Lakes has been as much as 9 percent of their tributary area. 
The area of Winnemucca Lake has varied widely, and it is now practi- 
cally dry. 

In 34 years of record the drainage area of the Truckee River between 
Lake Tahoe and the Calif ornia-Nevada line has had a runoff ranging 
from 25 to 200 percent of the mean. If the evaporation when Lake 
Lahontan was at its high stage was only two-thirds of that at present. 
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runoff similar to that in the years of maximum record would have main- 
tained a lake area equivalent to that of the Lahontan high stage. As the 
high stage of Lake Lahontan is generally dated at the end of the last 
glacial period, lower temperatures and reduced evaporation represent a 
reasonable assumption. 

Mono Lake, though not a part of the Lahontan Basin, is adjacent to 
it. Russell [20, pp. 261-394] has described the former lakes in the Mono 
Basin. At maximum stage the area of Mono Lake was about four times 
the present area. Mono Lake has been the least disturbed of the present 
Great Basin lakes, as there have been only small diversions of its inflow. 
The present lake area is 15 percent of its tributary drainage area. Condi- 
tions on the entire Lahontan drainage area would not need to have been 
much more humid than the present conditions in the Mono Basin in order 
to maintain the former Lahontan maximum stages. Mono Lake receives 
its main supply from the higher mountains to the west, but its basin also 
includes nonproductive desert areas to the east. Its high altitude results 
in lower temperature and evaporation than in the Lahontan Basin. There 
are still remnants of glaciers on the higher peaks in the Mono Basin, and 
probably there were at least equivalent glaciers in the Lahontan Basin at 
its higher stages. 

Goose Lake in California, has occasionally overflowed to the Pit 
River ; at such stages its area was about 17 percent of its tributary drainage 
area. Goose Lake has had much smaller areas within its recorded period 
and has been dry in recent years, mainly as a result of the diversion of its 
inflow for irrigation. During the more favorable recent periods Goose 
Lake has maintained nearly as large a percentage of its drainage area in 
lake surface as Lake Lahontan maintained at its high stage. The annual 
precipitation on the different parts of the Goose Lake drainage area ranges 
from 10 to 30 inches. As the drainage area of Goose Lake does not include 
extensive deserts, the average rainfall on the productive portions of 
the Lahontan drainage area would need to have been larger than these 
amounts in order to maintain an eqiuvalent lake area. 

Some comparisons may be made with present humid areas. The 
present Great Lake system above the Niagara River [11] has an area of 
56 percent of its tributary drainage area and an annual outflow equal to 
nearly 1 foot in depth from the total drainage area. The average annual 
rainfall is about 33 inches, and the average evaporation about 25 inches — 
that is, the rainfall more than offsets the evaporation. Without outflow 
this drainage system could maintain its entire area in water surface, even 
with a 25 percent reduction in rainfall. Such a drainage area will fill its 
basins until they overflow. From this it might be reasoned that the climate 
when Lakes Bonneville and Lahontan were at their m axim um stages was 
less humid than the present climate of the Great Lakes area. However, 
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the evaporation rate in the Great Basin is now about twice as large as in 
the Great Lakes area and was probably greater also in Pleistocene time. 
Precipitation is also more uniformly distributed in the Great Lakes area 
than in the Great Basin — a difference that also detracts from the relia- 
bility of comparisons between these areas. 

Jones [14] has suggested that Lake Lahontan might be restored to its 
high stages with a rainfall about times that at present. Antevs [14] 
concluded that summer temperatures at former high stages were suffi- 
ciently lower than at present to result in less evaporation, so that Lake 
Lahontan could be restored with less rainfall than would be required with 
present rates of evaporation. 

Although present water areas in the Lahontan Basin are from one- 
fifth to one-third of that of the former high stages, a similar ratio of 
increase in precipitation would not be required to restore Lake Lahontan. 
Runoff increases more rapidly than precipitation, and inflow would be 
much more than doubled by doubling the rainfall. The comparisons 
with present conditions indicate that an increase of 100 percent in the 
present mean annual precipitation, with its probable accompanying 
decrease in temperature and evaporation, would restore Lake Lahontan 
with an area approaching or equaling its former high stage. Under such 
conditions the average precipitation would be similar to that of the wettest 
recent years of record. Then, as now, much of the drainage area was 
probably relatively arid, the increased inflow from increased precipitation 
coming mainly from the western mountainous areas. The last high stage 
of Lake Lahontan is placed at about 25,000 years ago by the larger number 
of the geologists who have studied its history. Similar general topography 
existed at that time, and the relative distribution of rainfall and run-off 
was also probably similar to the present conditions. 

RECORDS OF LAKE LEVELS 

Observations of lake levels are made by various public agencies. In 
the United States observations are made by tbe United States Geological 
Survey as a part of its stream-gaging work. Records on some navigable 
lakes are maintained by the agencies concerned with such navigation, 
such as the United States Army Engineers and the United States Lake 
Survey. Many local organizations maintain records on lakes in which 
they are interested. 

The records obtained by public agencies are published where the 
extent of public interest justifies it and are public records available for 
examination if not published. Other records are generally available. 
Records of the United States Geological Survey are included in its annual 
publications on surface-water supply. Records of other public agencies 
are included in their annual reports or other publications. 
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Present records in the United States are fairly adequate on the larger 
lakes involving navigation or other public uses where public interest has 
called for such observations. There is room for a greater extent and fre- 
quency of observation on many smaller lakes whose fluctuations reflect 
local climatic variations, conditions affecting wild life or other less exten- 
sive use. Such records should be maintained continuously and systemati- 
cally if they are to be of maximum usefulness. 

The observation of lake levels requires only the measurement of water 
altitudes, and their record is much easier to obtain than similar records 
of stream flow. Adequate instruments for continuous records of lake 
levels are now available. 

On small lakes a single point of observation is adequate. On larger 
lakes subject to wind effects records at any one point may be distorted 
by storm conditions, and additional points of record are needed in order 
to obtain the mean altitude. Observations of altitude on open staff gages 
are unsatisfactory, and adequate installations require enclosed stilling wells 
for both staff gages and the floats of recording gages. 

TIDES 

Lakes are subject to tidal influence similarly to oceans, but few lakes 
are large enough for tidal effects to be noticeable. Tides of about 3 
inches occur at the south end of Lake Michigan and the west end of Lake 
Superior [11]. 


SEICHES 

A seiche is defined by Hayford [10] as “an oscillation in the water 
of a lake under the influence of inertia. It is a free oscillation as dis- 
tinguished from a forced oscillation. It is a wave motion involving both 
horizontal transfer of water back and forth and a vertical oscillation of 
the water surface.” 

Seiches are pulsations in the level of the water surface in lakes repre- 
sented by the synchronous rising in one portion and lowering in others. 
They are caused by winds, changes in barometric pressure, or any other, 
factors that disturb the level of the lake. Such pulsations continue, until 
the surface of the lake again becomes level or until new conditions start 
other pulsations. 

Winds blowing across a lake drive water toward the leeward side and 
lower the windward side. The surface water is generally estimated to 
move with a velocity of about 5 percent of that of the wind. The gradient 
established by the wind results in a reverse flow, which may continue until 
the pulsations die out- Fluctuations of several feet due to wind action 
have occurred on Lake Erie at Buffalo [11]. Similar changes of as much 
as 2 feet have occurred on Lakes Michigan and Huron. 
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In seiches caused by differences in barometric pressure, the lake sur- 
face lowers in areas of high pressure and water flows toward areas of low 
pressure. A difference of an inch in a mercurial barometer is equivalent 
to 13.5 inches in depth of water. Barometric differences of as much as 
1 inch seldom occur within the area of a lake, but smaller differences are 
common. 

Seiches have been extensively studied by Forel [4] in Switzerland and 
by Murray and Pullar [17] in Scotland; Whipple [28] quotes the follow- 
ing formula : 


t = 


2L 

3,600 V dg 


in which t = time, in hours. 



L = length of the lake (or width if there are transverse seiches), 
in feet. 

d = mean depth of lake along the axis of observation, in feet. 
g = acceleration of gravity (32.16). 

Whipple states that the application of this formula to Lake Erie gives 
a computed seiche period of 14.4 hours and 
that the observed periods have ranged from 
14 to 16 hours. 


ICE ON LAKES 


Wind and wave action may prevent the 
complete freezing of large lakes when the 
air temperature falls below 32°F. On small 
lakes or in the sheltered portions of large 
lakes ice forms when air temperatures fall 
below 32°F. 

When ice has formed a further decrease 
in temperature causes shrinkage cracks in 
the ice or breaks the shore contact, and 
additional water freezes in the cracks and 
around the shore. The later expansion 
when the temperature rises causes buckling 
of the ice or crowds the ice up the shore 
slopes. Such shore crowding exerts suffi- 
cient force to affect structures along the 
shore (Figure VI-1) and to push lake-bed 
materials shoreward, forming ridges or bars above the water line composed 
of materials from the shallower part of the lake bed. Such ice ramparts 
may be several feet in height and may contain large boulders. 


Fig. VI-1. — Concrete bench mark 
on shore of Utah Lake, Utah, over- 
turned by action of shore ice. 
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STRATIFICATION IN LAKES 

Stratification of the water in deep lakes may occur whenever there are 
differences in density at different depths. Such differences in density 
may be caused by differences in temperature, suspended silt, or dissolved 
salts. They may be transient or permanent, depending upon the depth 
of the lake, wind movement, or temperature changes. They may be 
caused by differences in the quality of the inflowing water or by changes 
in the water while stored in the lake. The factors governing stratification 
in lakes and in reservoirs are similar, and observations from either source 
are useful in determining the principles involved. The depth of water 
and the annual change in volume of water usually vary more widely in 
reservoirs than in lakes. 

Effect of temperature 

The temperature of the surface water in lakes fluctuates with the 
temperature-of the air with which it is in contact and follows the seasonal 
cycle of the air temperature. Water is a slow conductor of heat, and 
heat received from the air penetrates slowly and only to moderate depths 
by conduction. Greater circulation of heat occurs from convection, 
resulting from differences in density caused by differences in temperature. 
Wave action causes a mixing of water and distribution of heat to the 
depths affected by the waves. The temperature of lakes is also affected 
by the temperature of inflowing water. 

As pointed out by Humphreys [13, pp. 586-587] temperature changes 
in lakes vary with the minimum air temperatures reached during the year. 
Where the temperature of the surface water does not fall to 39.2°F., the 
temperature of maximum density, less turnover occurs than where the 
temperature falls below 39.2°. 

Surface temperature falling below S9.2°F . — When lakes whose surface 
temperature has been above 39.2°F. during the summer begin to become 
cool in the fall, the density of the surface water increases, and it sinks 
through the lighter lower water, causing a turnover to the depth to which 
the water has been warmed above 39.2° during the summer. Water below 
this depth will remain closely at 39.2° continuously. With further cooling 
of the surface water below 39.2° expansion occurs and the cooler surface 
water remains on top, where it may freeze if temperatures fall below 32°. 
Continued lowering below the freezing point results in increased thickness 
of ice without further temperature changes in the deeper water. Water 
just below ice remains closely at 32°. 

In the spring, as the temperature of the surface water rises to 39.2°, 
the increased density causes another turnover, the surface water sinking 
through the cooler deeper water and the cooler water rising. When the 
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time during which the temperature of the surface water rises from 32° 
to 39.2° is short, a full vertical turnover may not take place before the 
surface water rises above 39.2° and, becoming lighter than the cooler under- 
lying water, remains on the surface. 

These two annual temperature changes are generally called the fall 
and spring turnover. The movement due to changes in temperature 
and density is further complicated by wave action. Shallow lakes gener- 
ally show fairly uniform temperatures throughout their depth; in deep 
lakes the principal variations 'are usually confined to the upper 200 feet. 
Below this depth water remains at 39.2° in areas where air temperatures 
fall to or below this temperature. 



Fig. VI-2. — Variations in the temperature of water in the Elephant Butte Reservoir in 1935. The 
depth of water ranged from 105 to 120 feet. {After I. E. Houk [12].) 


These seasonal turnovers are important in connection with water 
.supplies obtained from lakes. Oxidation of organic matter proceeds at 
different rates at different depths. These vertical currents may result 
in water drawn from some levels being, at times, less desirable than water 
drawn from other levels. 

Surface temperatures remaining above 39.2°F. — Where the temperature 
of the surface water does not fall to 39.2°F., the temperature of the deep 
water should be equal to the minimum air temperatures, as such tempera- 
tures give the maximum density water will have for the particular locality. 
There will be no spring turnover, because the surface water becomes lighter 
as it becomes warmer. Changes in temperature of the water will be 
limited to the depths to which conduction and wave action cause a rise 
above the minimum winter temperature. This type of variation is illus- 
trated by the results of observations in the Elephant Butte Reservoir 
shown in Fig. VI-2 [12, pp. 523-527]. These results may be affected also 
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by the temperature of the inflowing water, which contains silt and tends 
to remain on the bottom. They show a seasonal change of about 20° at a 
depth of 100 feet. 


Effect of silt 

Water containing suspended silt has a higher density and tends to 
flow along the bottom of a lake that it may enter. Such muddy water has 
passed through reservoirs with only slight mixing with the previously 
stored clear water. The heavily silted water tends to remain in the bottom 
of the reservoir. Such heavily silted water or mud occupied a depth of 
50 feet against the face of Bouler Dam within 2 years of its use for storage. 
Silted water has traveled through long reservoirs and been drawn from 
the outlets without material dilution by the ponded clear water [7]. Such 
stratification may enable clear water to be drawn from a reservoir, although 
its lower depths are heavily silted. Such stratification occurs only at 
depths below the influence of wave action. 

Effect of salt content 

Diffusion of salts occurs slowly in still water, and differences in 
density resulting from this factor may cause stratification. Most inland 
water supplies contain insufficient .impurities in solution to affect their 
densities enough to cause stratification. Some vertical variations in salt 
content have been found in Lake Mead back of Boulder Dam. Where 
such variations exist the draft should be made from levels that maintain 
the most desirable conditions in the lake and in the supply drawn from it. 

CHANGES IN LAKE LEVELS 

Lakes with outlets fluctuate with variations in their inflow as it is 
regulated by the capacity of the outlets. Lakes on streams act as equal- 
izers of the runoff; pondage in the lake reduces the peak stream flows. 
Such pondage may also increase the low flow of the stream unless the 
evaporation from the lake exceeds the effect of the pondage. The effects 
of pondage depend on the constrictions of the outlet as well as on the' 
variations in inflow. Pondage in a large number of small lakes well dis- 
tributed over the drainage area may be as effective as pondage in a large 
lake. 

Many lakes are a part of the general water table of the area in which 
they occur. Such lakes occupy depressions below the ground water level, 
and their outflow and evaporation are supplied in whole or in part by 
movement of ground water into the lake. These lakes reflect the varia- 
tions in level of the adjacent ground water. Many lakes of this type 
occur in the Middle West and rise and fall with the variations in the local 
rainfall. 
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Fig. Vl-3.— Flow, in cubic feet per second, over Niagara Falls, based on monthly means, 1860-1940 Lower line, flow over the falls. Upper 

line, flow that would have occurred if there had been no diversions [ 30 ]. 
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Other lakes occupy depressions above the adjacent ground water, 
and seepage from them may represent a considerable part of the local 
ground-water supply. Such seepage from natural lakes is usually small, 
however, as lake basins tend to silt up and become relatively impervious. 

Lakes may be fed by fissure springs from deep-seated sources. Lakes 
may also be supplied by seepa-ge from irrigation. In some areas such 
lakes have appeared after irrigation began. Mud lake, in Idaho, became 
larger after irrigation was introduced on higher lands near the lake. 

On the Great Lakes, where navigation utilizes the available depths 
at critical points very closely, relatively small fluctuations are of large 
economic importance. The records of the Great Lakes from 1860 to 
1924 show the following results [11]: 


Fluctuations in level of Great Lakes 


Lake and locality 

Mean monthly altitude during 
the navigation season (feet) 

Maximum 
annual fluctu- 
ation in one 
year in (feet) 

Maximum 

Minimum 

Superior at Superior and Marquette 

603.81 

600.57 

2.15 

Michigan at Milwaukee 

583.57 

578 54 

2.17 

Huron at Harbor Beach 

583.66 

578.62 

1.94 

Erie at Cleveland 

574.52 

570.63 

2.50 

Ontario at Oswego 

248 05 

243.41 

3.47 


The observed flow over Niagara Falls from 1860 to 1940 and the 
estimated flow that would have occurred without diversions from the 
lakes are shown in Figure VI-3 [30]. [30 and later records.] 

FLUCTUATIONS OF ENCLOSED LAKES 

Lakes may occupy the lowest part of their drainage areas and have no 
outlet, so that the lake stage reflects the balance between inflow and 
evaporation. There are many such lakes within the Great Basin. Other 
lakes may overflow only occasionally at unusually high stages. Lake 
Tahoe usually discharges to the Truckee River but has fallen below its 
rim in several years within the period of record. In southern California 
Lake Elsinore has both become practically dry and overflowed within 
historic time. It has not become dry during the recent period of generally 
deficient precipitation, although much of its tributary inflow is now 
diverted for other uses. This indicates that some past droughts have 
been more severe than those of recent years. 

Enclosed lakes may be permanent or temporary. Viewed over 
geologic time few lakes have been permanent or without major changes 
in their volume. Even within historic time much fluctuation has occurred. 
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Some depressions receiving adjacent runoff are broad, flat areas on 
which the tributary inflow spreads thinly and evaporates quickly. Such 
lakes may form during the months of larger runoff and become entirely 
dry later in the season, leaving bare clay flats, frequently crusted with 
alkali. These occur mainly in desert areas that have small amounts of 
widely variable precipitation. In occasional years the runoff may be 
sufficient to carry the lake through the entire season; in others practically 
no inflow may be received. Silver Lake, in the lower Mojave River 
drainage basin, has contained water at infrequent intervals. Records of 
the presence of such a lake are found in some early reports [29]. It was 


YEAR 



Fig. VI-4.- 


-Fluctuations of Devils Lake, N. D. From U. S. Geol. Survey water-supply papers. 
Graph based on the highest stage for each year of record. 


continuously dry for a long period prior to 1916, when it filled again, but 
it disappeared shortly and has remained dry to date. 

Devils Lake, in North Dakota, is an enclosed lake that has shrunk 
from an area of nearly 75,000 acres in 1883 to about 6,000 acres. Its 
fluctuations since 1867 are shown in Figure VI-4. The lowering of this 
lake is the result of the smaller rainfall on its drainage area in recent years 
and of cultivation of its tributary lands. 


ENCLOSED LAKES OF THE GREAT BASIN AS CLIMATIC INDICATORS 

The fluctuations of enclosed lakes afford a good index of climatic 
variations. In periods of more than average inflow the lakes rise until 
the evaporation from the increased area equals the inflow. In periods of 
less than average inflow evaporation is supplied from the accumulated 
water in the lake, and the lake lowers. Some lakes, such as Great Salt 
Lake, have generally flat shore slopes, and the lake area changes rapidly 
with changes in level. Such lakes equalize variations in inflow with small 
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variations in level. Other lakes have steeper side slopes, and variations 
in inflow are absorbed mainly in variations in storage in the lake. In such 
a lake the fluctuations are larger and the lake is a more sensitive index of 
inflow. Mono Lake is an illustration of this type. 

Nearly all the enclosed lakes in the Great Basin are now affected by 
the diversion of their inflow for irrigation or other uses. Present fluctua- 
tions of these lakes are not directly comparable with those of the period 
prior to such diversions. In some of the lakes allowance can be made for 
the effect of such diversions. 

Although systematic records of the fluctuation of these lakes were not 
begun in the early years of western settlement, some direct and indirect 


Fig. VI-5. — Trees at south end of Eagle Lake, Calif., submerged prior to 1917 as a result of a rise in 

lake level. 

records are available from which the general fluctuations can be deter- 
mined. There are some records prior to 1860. Fairly continuous 
observations have been made on Great Salt Lake since 1850. For more 
recent periods, when diversion of the inflow has affected these lakes, other 
climatic records are available. 

In addition to direct records of lake level there are many comments in 
early diaries or reports on the conditions of enclosed lakes which enable 
their levels at those times to be determined. Such indirect records are 
much more tangible in regard to lake stages than similar records on stream 
flow. 

The climate of the localities of many enclosed lakes in the Great 
Basin is too arid to permit the growth of trees on their margins, such tree 
growth surrounds some of these l^es at higher altitudes. During the 
period of generally larger runoff in the later part of the nineteenth century 
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seasonal high stages are plotted, even where detailed records are available. Periods for which records 
are incomplete are shown by a dashed line; individual records during these periods are shown by 
circles. In recent years the levels of all lakes shown except Tahoe and Mono Lakes have been 
affected by diversions of their inflow [8]. 
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and early part of the twentieth century some of these lakes rose so high as 
to submerge and kill such trees. From their age and the altitude at which 
these trees grew it is possible to determine the length of time since a similar 
rise has occurred. In this way it has been possible to estimate general 
fluctuations for 200 to 300 years. See Figure VI-5. 

The results of these methods for typical lakes in the western part of 
the Great Basin are illustrated in Figures VI-6 and VI-7 [8] . The records 
of the different lakes are relatively consistent. They indicate a generally 
upward trend from about 1860 to 1916, when the stages reached were 

YEAR 



Fig. VI-7. — Fluctuations of Tahoe, Mono, and Eagle Lakes, as indicated by age and location of 
submerged trees and by historical records [8]. 

higher than those that had been reached during the preceding 200 years. 
Since about 1915 the trend has been generally downward, and the lowering 
has occurred on lakes not subject to diversion of their inflow as well as on 
those now affected by such use. 

The earlier records from the trees can be partly supported from 
historic records. Surveys and comments in the’l840’s and early 1850’s 
are consistent in showing relatively low stages of these lakes. Such 
records include Williamson’s survey of part of Goose Lake in 1849, the 
location of roads across the lake bed, and comments in diaries regarding 
the alkali conditions surrounding the lake; Fremont’s diary covering his 
trip along P 3 Tamid Lake in 1844; surveys on Mono Lake in 1856 and 1857 ; 
and comments in various diaries on the conditions surrounding Humboldt 
Lake. 

These results are of interest in regard to the fluctuations of the lakes 
themselves. They are of greater importance as an index of the variations 
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in water supply to which this area is subject. The average runoff neces- 
sary to support the generally rising stages from 1860 to 1915 was materially 
larger than the runoff that has occurred since 1915 [9, pp. 572-574]. As 
these periods are relatively very long in relation to the equalization of 
stream flow by constructed storage, irrigation here will need to be limited 
to the area that can be maintained during periods similar to 1916-1935 
if severe shortages in supply are to be avoided. Expansion of use on the 
basis of the supply during the more favorable periods can be expected to 
result only in severe shortage in the deficient periods. As direct stream 
records were largely begun during the later part of this favorable period’, 
some early estimates of water supply were more liberal than recent years 
could support, and some reductions in the areas irrigated have been 
required with resulting hardships. The longer record of fluctuations on 
these lakes furnishes a basis on which future similar losses can be avoided 
or reduced. 


SWAMPS 

Swamps may be regarded as shallow lakes where the small depth of 
water and the slight range of fluctuation permits the growth of aquatic 
vegetation. Swamps occur mainly in areas of flat gradient and narrow 
stream channels. On steeper slopes vegetation may be sufficiently dense 
to retard runoff and prevent channel erosion, resulting in swamp condi- 
tions. Swamps tend to become filled from the growth of vegetation and 
from silting. Many swamps are old lakes in the later stages of filling. 

Swamps are generally divided into inland or fresh-water swamps and 
coastal or sea-water swamps [18]. The inland swamps include lake 
swamps resulting from the filling of lakes and growth of aquatic vegeta- 
tion; river swamps along flood plains and deltas subject to frequent 
overflow; spring swamps formed, by the discharge of springs; flat-land 
swamps on poorly drained land, such as the Great Dismal Swamp in 
Virginia and North Carolina and swamps in the Everglades of Florida; 
and raised bogs on flat lands of small runoff where precipitation exceeds 
the evaporation. Coastal swamps are frequently formed between high 
and low tides. 

There is no close demarkation between lakes, swamps, and marshes. 
Shaler [25, pp. 261-346] has made the following classification between 
marine marshes and fresh-water swamps : 


Marine marshes 


Above mean tide: 
Grass marshes. 
Mangrove marshes. 
Below mean tide: 
Mud banks. 
Eel-grass areas. 
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Fresh- water swamps 


^River swamps: 
Terrace. 
Estuarine. 
'^Lake swamps: 
Lake margins. 
Quaking bogs. 
^Upland swamps: 
Wet woods. 
Climbing bogs. 
\ Ablation swamps. 


Shaler applies the term “marsh” to marine or salt-water inundated 
areas and “swamps” to similar fresh-water areas. 

In 1850 Congress passed the Swamp and Overflow Land Act, provid- 
ing a special procedure for the acquirement of title to public lands of these 
types. Under this act about 65,000,000 acres has been transferred to 15 
States and in turn transferred by the States to private owners. There is 
little present activity under this act; only 1,100 acres was patented in 
1935-36. 

The 15th Census reports for 1929 that 23,000,000 acres of swamp land 
not previously in farms had been drained at a cost of $210,000,000. This 
represented 27 percent of all the lands drained in the United States, the 
remaining areas having been drained for the improvement of lands already 
in farms, the removal of seepage and alkali resulting from irrigation, or 
protection against overflow. Enterprises reporting the reclamation of 
swamp land as their principal purpose were located mainly in the coastal 
region between Virginia and Texas, in the Mississippi Delta, in Wisconsin, 
and in nort.hern Minnesota. 


EFFECTS OP REDUCTION IN LAKE LEVELS 

There has been a general reduction in the areas of lakes, both from 
natural causes during years of less than average precipitation and from 
artificial causes, such as the deepening of outlets and drainage of lake areas. 
Such changes affect the water-supply conditions of the streams supplied 
by the lakes. Reduction in lake levels due to deficiencies in precipitation 
cannot be controlled and will be adjusted when periods of larger 
rainfall occur. Such lake lowering may make available a larger storage 
capacity near the level of the lake outlet and have a beneficial effect on the 
control of flood flows. The low-water flow is reduced as the lakes lower. 

Artificial lowering of lakes to make their areas available for agricul- 
ture reduces the lake capacity and its equalizing effect on floods. Lower- 
ing of lake outlets with control structures changes the lake into a controlled 
reservoir, so that its water supply can be conserved for use. On many 
lakes topographic conditions are such that storage can be obtained more 
economically by lowering in this way than by raising the lake. The 
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reservoir constructed on Lake Cle Elum, in Washington, was formed 
partly by lowering the outlet and partly by a dam. 

Lakes are favorable sites for recreation and are extensively used for 
summer homes and pleasure resorts. A small range of fluctuation is 
essential for beach and dock purposes. Lowering of some lakes has 
resulted in depreciation of the value of their recreational facilities. 

Reduction in lake areas has affected wild fowl, both for breeding 
areas and in migration. Substitute water areas have been constructed 
in some places to provide for wild-fowl needs. 

EFFECT OF LAKES AND SWAMPS ON CLIMATE 

Lakes and swamps return moisture to the air by evaporation. 
Changes in their areas affect the amount of evaporation and runoff and 
may change the amount of precipitation. Large lakes or swamps affect 
some elements of the climate of adjacent areas. Air passing over water 
areas is cooled in summer and warmed in winter. Fruit crops can be 
successfully grown on some areas around the Great Lakes toward which 
the wind blows from the lakes ; where the wind blows from the land such 
crops may not be practicable. 

Drainage of swamps makes additional land available for agriculture 
and aids in malaria and pest control but may destroy areas used by fish 
and water fowl. Agricultural and public-health interests in swamp 
reclamation may be opposed to wild-life interests in swamp preservation. 
Drainage of lakes and swamps may increase the rate of flood runoff and 
decrease the later low-water flow by removing or reducing the retarding 
areas. 

Reduction in lake and swamp areas reduces evaporation from water 
surfaces but does not entirely eliminate it, as the exposed drained areas 
supply moisture to the air by evaporation of soil moisture and transpira- 
tion by plants. Although drainage of such areas may affect the total 
runoff from a drainage ba^in, the factors affecting runoff are so numerous 
and complex that very careful records would be required to show differ- 
ences resulting from any one factor. Drainage of water areas has usually 
been accompanied by other changes in use in the drainage basin, and any 
changes in runoff Lave been the composite result of all the factors involved. 

Increasing lake areas may increase evaporation and in turn increase 
precipitation. In the general rainfall cycle all moistme reaching the 
surface of the earth is returned to the air as vapor or eventually reaches 
the ocean as surface or underground flow. It is only by changing the 
moisture entering the air over land surfaces that the total moisture 
received by the air can be changed, as runoff reaching the ocean does not 
essentially affect its evaporating area or rate of evaporation. It has been 
estimated that the moisture capacity of the air under usual conditions is 
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equivalent to a depth of water of about 1 inch. Consequently any mate- 
rial change in the quantity of vapor discharged into the air must be 
reflected relatively soon in a change in the moisture returning to the earth 
as precipitation. Even with .such slight .storage capacity for moisture 
in the atmosphere, the effect of changes in the evaporation from lakes and 
swamp.s cannot be definitely traced to -changes in precipitation on specific 
areas. Such increased moi.sture from the land may be precipitated on the 
ocean. 

Runoff generally represents less than one-half of the precipitation. 
In humid areas it may exceed this proportion; in arid areas it is much less. 
If only 20 percent of the precipitation on a drainage area has been leaving 
that area as runoff, no increase in water areas can increase the evaporation 
from the area by more than 25 percent. As water areas can seldom be 
increased to control all runoff fully, the practicable increase on such areas 
cannot result in a major increase in the moisture entering the air or in a 
major change in rainfall. The irrigation of about 500,000 acres and the 
increased area of Salton Sea resulting from the diversions of Colorado 
River water to the Imperial Valley have not materially modified the local 
rainfall, which has remained at 2 or 4 inches a year. 

Changes in lake areas or uses of water in an area ha-ving no outlet do 
not affect the total moisture entering the air in such a basin; In the 
Great Basin all precipitation has been returned to the air since the last 
overflow of Lake Bonneville. Diversions of the inflow of Great Basin 
lakes have reduced the amount of water reaching the lake areas and 
changed the localities at which the moisture enters the air but have not 
changed the total amount. Such diversions result in lower average lake 
stages. The lake fluctuations equalize variations in inflow. In any year 
all precipitation in the Great Basin has been returned to the air except the 
relatively small amounts represented by differences in lake and ground- 
water storage. There have been no consistent variations in rainfall in 
the Great Basin traceable to the increased use of water. 
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CHAPTEE VII 
INFILTRATION 

Leeoy K. Sherman^ and George W. Mtjsgrave^ 

Infiltration is the movement of water from the surface of the ground 
into the soil. In a rainstorm the infiltration normally begins at a high 
rate and decreases to a minimum (designated fc) as the rain continues. 
During the storm the precipitation may be disposed of in several ways: 
(1) interception by the canopy of vegetal cover; (2) retention in the 
depressions upon the land surface; (3) infiltration; (4) evaporation, which 
is, however, very small during the course of a storm; (5) precipitation 
directly upon the watercourses; and (6) surface runoff from the land. 
Therefore, when snow storage or melting is not involved, the infiltration 
is equal to the precipitation minus the other five losses. 

Infiltration is often viewed by the hydraulic engineer as a loss and by 
the agriculturist as a gain. It is the process that provides water for nearly 
all terrestrial plants and for much of the animal life ; it furnishes the ground 
water for wells and most of the stream flow in periods of fair weather; it 
reduces floods and soil erosion. Infiltration is therefore a process of vital 
economic importance. 

METHODS OF MEASURING INFILTRATION 

Various methods have been used in attempts to measure infiltration. 
These methods have differed in accord with differing purposes and avail- 
able facilities. Inasmuch as soil structure largely controls the rate of 
infiltration, it is usually necessary to conduct measurements upon soil in 
place. Laboratory or other determinations of infiltration of soil of modi- 
fied structure are likely to give results differing widely from those that 
occur in the field. 

Among the various methods that have been used to obtain compara- 
tive results are: (1) measurement of the rate of intake of water on areas 
defined by concentric rings of various sizes ; (2) measurement of the rate 
of intake of water on areas defined by tubes with differing technique by 
different workers; (3) measurement of the rate of intake of water on areas 
defined by irrigation practices, particxilarly flooding; (4) measurement of 

^ Consulting engineer, Chicago, III 

^ Soil conservationist, Head, Infiltration Studies, Soil Conservation Service, United States 
Department of Agriculture, Washington, D. C. 

244 



INFILTRATION 


245 


runoff of water applied to small sample areas by rainfall simulators of 
various kinds; (5) measurement of precipitation compared with surface 
runoff. 

In the use of concentric rings a series of rings of suitable size (usually 
ranging from 9 to 36 inches in diameter) are pressed a few inches into the 
selected soil profile, and water is added at such a rate that a constant depth 
is maintained on all units. The purpose of the outer ring is primarily 
to provide a buffer or wetted area around the inner ring which is the critical 
or test area. Several replicates (15 or more) are usually required to sample 
soil variability properly on a given site, and enough sites are use'd to repre- 
sent the entire area of soil or land-use condition on which information is 
desired. The rate of application necessary to maintain the predetermined 
depth of water within the rings (preferably 1 centimeter or less) is the rate 
which is taken as infiltration. 

Tubes, which have been employed by various workers such as Auten 
[1], Miintz [18], and Musgrave [19], are used in an essentially similar 
manner to rings, differing only in the greater depth to which they are 
inserted in the soil. As they may penetrate the less permeable subsoil, 
exterior buffer or wetted areas are unnecessary. A constant head of water 
is maintained upon the soil surface, and its rate of replenishment indicates 
the rate of intake by the soil. Because of variability of soils from point 
to point, a number of replicates are necessary. 

Flood irrigation has been used to measure or compare different areas 
with respect to their infiltration rates. Where the amount of water used 
is definitely known, and particularly where its rate of application can be 
measured, the time required for a given quantity to enter the profile may 
be determined. 

Rainfall simulators of various types have recently been used to deter- 
mine infiltration rates on sample areas lying within and representing 
larger areas about which information is desired. Various sizes of plots 
have been tested, ranging from 1 square foot to 435.6 square feet (0.01 
acre) in area. Artificial rainfall is applied under a standardized procedure, 
so that in addition to a known rate of application there is some control 
of the pattern of distribution, the drop size and its distance of fall, and 
similar essential items. The rate of rainfall and runoff is then determined 
and the hydrograph plotted and analyzed. Equipment of this kind has 
undergone frequent revision of design in recent years, and neither equip- 
ment nor techhique is yet completely standardized. 

Although the percolation phenomenon differs from that of infiltration 
comparative studies have been made in which samples of soil have been 
placed in suitable containers, usually at known densities, and the rates of 
percolation determined. Also lysimeters have been used to obtain com- 
parative information on rates of percolation for different soils and soils of 
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different treatment. In mo.st of the early lysimeter work the soils were 
added to the container after screening and mixing and hence had an arti- 
ficial structural arrangement. Though quantitative data from these 
studies cannot be regarded as precisely representing rates of infiltration 
under natural conditions, they nevertheless frequently give information of 
much comparative value. 

On a drainage basin the rate of infiltration can be approximately deter- 
mined for various storms if stream-gaging stations have been installed, 
and if there are adequate records of both the amount and intensity of rain- 
fall on the various subdivisions of the basin. The precision of the deter- 
mination depends largely upon the adequacy of the records. Frequently 
the limiting factor is that of an adequate rainfall record, because rain 
gages are seldom distributed in a manner to sample fairly the precipitation 
of a large drainage basin. Some difficulties also arise in the measurement 
of such other factors as the amount of canopy interception, the amount of 
evaporation, and the amount of surface detention. Inasmuch, however, 
as these amounts are usually small, it is believed that no great error is 
introduced by their omission or approximation. 

FACTORS THAT AFFECT INFILTRATIOX 

The factors that affect both the amount and the rate of infiltration 
are primarily those which characterize the pore sizes of the soil and their 
relative permanency. The soil may be regarded as a porous medium, the 
passages and pores of which cover a wide range of sizes and fluctuate from 
time to time within certain limits according to its chemical and physical 
properties. However, different soils, each varying in porosity from day 
to day, may be distinctly different with respect to the range through which 
the fluctuations occur. In general, the distribution of pore sizes of a soil 
is dependent upon (1) the sizes of particles or single grains that make up 
the body of the soil; (2) the arrangement of the particles with reference 
to their position; and (3) the degree of aggregation of the individual 
particles and the extent to which the aggregates behave like large indi- 
vidual particles. 

Soil particles, commonly ranging in size from coarse sand to fine sand, 
to silt, and to clay, are usually found in various combinations and mixtures 
of these sizes in any given profile. As porous media soils are highly com- 
plex and have correspondingly complex effects upon the movement of 
internal water. Other things being equal, soils composed solely of large 
single grains will have pores of greater diameter than soils made up of 
fine particles only. Thus it is to be expected that the infiltration of water 
into sands may be greater than into clays. However, this is not true 
except where the only difference between the soils is that of particle size. 
A soil composed of single grains of uniform size obviously is different in 
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porosity characteristics from a soil having a mixture of two or more sizes. 
As has been well demonstrated by Slichter and many others, the arrange- 
ment of the particles may be such as to provide either comparatively large 
spaces between grains or much smaller ones. In a medium that is com- 
posed of both large and small particles there may be an intermingling of 
particles of differing size and an arrangement such that a very dense and 
compact structure exists. In many soils something of this kind is found 
in the uppor portion of the subsoil, where compact zones usually occur. 
The discussion of grain size and its influence upon the height and rate of 
capillary rise in chapter IX is pertinent to a consideration of these effects 
upon porosity. 

Where individual particles are well aggregated an entirely different 
situation is found. A single aggregate may behave very much like a 
single grain of similar size. Many soils, a mechanical analysis of which 
would disclose that they are comprised largely of silt and clay — that is, 
particles of small size — may be aggregated to such an extent as to permit 
many comparatively large spaces between the aggregates. This condi- 
tion is particularly true of virgin soils and soils that have been subjected 
to good management practices. It accounts for the fact that many forest 
and pasture soils have comparatively high infiltration rates. 

It is clear, therefore, that the rate of infiltration is not conditioned 
upon the total porosity so much as it is upon the numbers of large pores 
that exist throughout the medium. The total porosity of the soil may well 
serve to indicate the potential capacity for water, but it does not neces- 
sarily indicate the rate at which the waiter may move into the soil. 

DYNAMIC CHARACTERISTICS OF SOIL STRUCTURE AND POROSITY 

The structure of the soil does not r epresent a permanent or fixed con- 
dition. Soils which in a dry state may have a favorable structure often 
undergo a marked reduction in effective size of pores during the course of 
a storm or from the effects of antecedent storms. 

Such reductions in pore sizes are dme primarily to (1) the swelling of 
colloids, (2) the infiltration of soil particles, (3) the slaking of aggregates 
by water, and (4) the occupancy of space by water. 

Nearly all soils except pure sands contain some colloids. The hydra- 
tion of colloids results in a marked sweliling, the converse of which is the 
common cause for the shrinkage and cracking often observed in the field. 
Varying amounts of time are required by different soils and colloids to 
reach maximum expansion. One of the reasons why moisture in soils 
reduces the rate of infiltration is undoubtedly the swelling that occurs as 
a result of the hydration of the coUoids . 

Another cause of the reduction of effective size of pores by rains is 
the infiltration of soil particles. As water moves downward through the 
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orifices it frequently carries small particles of silt and sediment 
of various sizes, which lodge at a point of constriction, tending thus to 
affect greatly the rate of infiltration. Lowdermilk [16] has shown that 
this action is very effective in reducing infiltration. 

The slaking of aggregates during the course of the storm, causing their 
disintegration, likewise is effective in reducing the effective sizes of pores. 
The stability of aggregates in water has been shown by many workers to 
vary widely. In some soils the aggregates are very stable, and compara- 
tively few of them are disintegrated during a storm. In other soils most of 
the aggregates are unstable and readily disintegrate during a storm, con- 
tributing thus to the formation of a dense soil profile. 

The water of antecedent rains or that of the early part of a storm may 
gradually fill the voids between the particles and reduce the capacity for 
further additions of water. Much depends upon the natural provision in 
the soil profile for the movement of water to lower levels. In some soils a 
compact, dense zone may greatly limit the rate of downward movement 
of water, and under this condition the voids above the dense zone may be 
rather quickly filled. Under other conditions there may be opportunity 
for downward movement to considerable depths, and a comparatively 
small proportion of the voids may become filled with water. Inasmuch 
as a soil profile 3 feet in depth may have a capacity for nearly 18 inches of 
water, which is very much more than occurs in ordinary storms, it may be 
assumed that the moisture-holding capacity alone is seldom the chief 
factor in limiting infiltration but that the other factors above mentioned 
are the more common causes. 

The entire soil profile in its several zones has various characteristics 
so that any one zone may differ widely from another in particle size, 
degree of aggregation, and pore size. Although commonly the surface 
soil is more permeable than the subsoil, this is by no means universally 
true, and successive zones may represent any order of permeability. 
Inasmuch as the least permeable zone controls the final infiltration rate 
(Jc) it may be considered to be the critical one, and its depth to be primarily 
determinative of the average infiltration rate (/oe)- Thus where the least 
permeable zone occurs at the surface /« and fm may be closely similar. 
Where it occurs at considerable depth (3 feet or more) the average infiltra- 
tion rate may greatly exceed the final minimum rate. 

TIME IN RELATION TO THE AMOUNT OF INFILTRATION 

A still further factor that doubtless affects the amount of infiltration 
is the time element. The time available for the infiltration of svuface 
water is contingent largely upon surface and topographic conditions. On 
uneven surfaces — ^for example, land that is contoured or bears tillage 
marks — there may be considerable surface storage of water. Likewise, 
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in the presence of dense vegetation, heavy surface mulches, or considerable 
depth of forest litter the rate of flow of surface water is appreciably 




Fig. VII-2. — Rainfall, surface runoff, and infiltration on forested land (pine 55 years old) and 
on bare abandoned land in the Tallahatchie River Basin, Miss. (Data from infiltrometer tests by 
G. W. Musgrave.) 


retarded. A similar condition, although not as marked in effect, is found 
in the degree of slope of the land surface. On level land or very gentle 
slopes the rate of discharge is appreciably below the rate on steep slopes. 
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Existing evidence on the effect of slope is rather meager, as systematic 
studies of its effect have not been recorded in the literature. It is clear, 
however, that other things being equal an increase in the time available 
for infiltration Results in an increase in its total amount, and the evidence 
available (see Figures VII-1 and VII-2) shows that on different land sur- 
faces the effect may be appreciable. 

TYPE OF LAND USAGE IN RELATION TO INFILTRATION 

The type of land usage in its effect upon infiltration has received 
considerable attention in recent years, with the result that, particularly 
for small areas and average storms, a considerable body of experimental 
evidence has been accumulated [7, 8, 12, 20]. For large areas less informa- 
tion is available, it being more difi&cult to segregate the single factor of land 
usage on drainage basins of considerable size on which variations in slope, 
soil, and other factors also prevail. 

The commonly observed higher infiltration and lower runoff for virgin 
soils, native grass, forest, or rotated-crop land, in contrast to low infiltra- 
tion and high runoff for intensively cultivated land, is fully in harmony 
with the known effects of these practices upon soil structure. The Ohio 
Agricultural Experiment Station [21], reporting upon tests covering 32 
years, showed the tremendous loss in organic matter that has occurred as 
a result of the continuous growing of corn. Bradfield [4] has shown the 
effect of cultivation in destroying organic residues and natural structural 
aggregates, and the tendency under these conditions for soil particles to 
assume gradually a position of closer packing. He states that “in many 
cases from 25 to 30 percent more soil is crammed into a cubic foot than 
was present in the virgin soil.” 

Jenny [13] has shown the effect of cultivation on reducing the size of 
soil aggregates as in the following table : 


Change in size of soil granules due to cultivation 


Soil granules 

Prairie 

(percent) 

Cultivated 
field (percent), 

Difference 

(percent) 

Large (“sand’^ size) 

39 

28 

-28 

Fine ('‘clay’* size) 

14 

19.5 

+-39 



Virgin soil usually embodies structural relations that are most favor- 
able in promoting infiiltration. Higher content of organic matter, better 
state of aggregation, and larger size of pores definitely favor rapid move- 
ment of soil water. Other things being equal, the more nearly land usage 
approaches these conditions the more favorable is it for the infiltration 
process. 
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Houk [12] concluded on the basis of his studies in the Miami (Ohio) 
Conservancy District that the amount of water absorbed by the upper 2 
feet of soil during a given storm is greater under sod surfaces than under 
surfaces of bare soil, also that for extremely small areas the occurrence and 
amount of runoff are affected much less by surface slope than by surface 
cover. 

Similar effects have been shown by the University of Missouri [17], 
by the Texas Agricultural Experiment Station [5], and by the various 
experiment stations of the Soil Conservation Service [2]. 

The effect of land usage upon infiltration is also exemplified by a series 
of direct measurements made in 1939 in the South Concho drainage basin, 
Texas and in 1940 in the Tallahatchie Basin, Mississippi (see table below.) 
In the Texas area measurements were made in pairs upon like soils and 
slopes both for good and for poor grazing histories. During the season 
several hundred measurements of this kind were made at points well 
distributed over the major soil types. Significantly higher infiltration was 
found on the land that had had better management. Studies of associated 
soil (!haracteristics showed that such land also had a higher content of 
organic matter and a greater degree of aggregation, with accompanying 
greater porosity of the large noncapillary dimensions. (Figure VII-1) 
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shows hydrographs and (Figure VII-3) photographs of soil structure, 
typical of these contrasting conditions. 

Comparisons of 55-year old stands of pine and of formerly cultivated 
but now abandoned land in Mississippi were also arranged in pairs upon 
similar soils and slopes. On the forested land runoff was less and infiltra- 
tion higher to a statistically significant degree. Composite hydrographs 
for these two types of land use are shown in (Figure VII-2). 

Free, Browning, and Musgrave [6] in a field and laboratory study of 
68 soils of the United States from New York to New Mexico and from 
Oregon to Georgia have shown that the rate of infiltration was significantly 
associated with the content of organic matter, the degree of aggregation 
of the soil particles, and the amount of large (noncapillary) pores. 



Fig. VII-3. — (a) Permeable soil structure of Reagan silty clay loam having a fair to good grazing 
history. Infiltration 1.95 inches per hour. (5) Dense soil structure of Reagan silty clay loam having 
a history of overgrazing. Infiltration 0.14 inch per hour. Note how aggregation of particles differs 
from that of soil shown in a. The soil profile of b is also lower in quantity of organic matter than 
that of a. 

It is not intended to imply, however, that high infiltration is invari- 
ably associated with low runoff. In some localities a highly permeable 
profile may contribute to a high rate of sub-surface storm flow. Possibly 
something of this kind occurred at San Dimas, Calif., in the storm of 
February 28 to March 2, 1938, when flood flows and infiltration were both 
of large magnitude. 

Other factors probably also affect the rate and amount of infiltration 
of water into soil, although in the present state of knowledge we have little 
experimental evidence concerning them. The temperature and viscosity 
of water probably affect its rate of movement, particularly through a 
medium having very fine pores. These effects may account in part for 
the reductions in infiltration which frequently occur during the fall, 
winter, and spring. Most probably also the temperature and specific 
heat of the soil exert effects upon the viscosity of water. As the specific 
heat of a soil varies in accord with its differing structural conditions and as 
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the structure itself varies from season to season, it may be supposed that 
for this reason also there is a seasonal fluctuation in itifiltration. 

The puality of water also affects the rate of infiltration, and in irriga- 
tion practice particularly the importance of this factor is well recognized. 
Where artificial applications of water are made in field tests for the deter- 
mination of infiltration rates saline waters should be avoided. Scofield 
[22] cited tests in which the rate of water penetration was six to eight times 
as fast in samples that had not been subjected to the action of alkaline 
salts as in samples that had. The effects are variable both in direction 
and in magnitude, depending upon the base-exchange reactions of the 
constituents of the soil and of the water. 

Seasonal variations in infiltration accompany seasonal variations in 
temperature of air, soil, and water, variations in soil moisture and in 
vegetal cover, and other factors. Houk [12], Horton [11], and Horner 
and Lloyd [9] have shown variations in infiltration on a single drainage 
basin, in which during the summer rates are commonly higher than in the 
.spring or fall. Numerous unpublished data show similar results. In 
looking upon the soil as a porous medium, therefore, it must be regarded 
as dynamic rather than static. 

APPLICATION TO SUEFACE RUNOFF 

In considering the practical application of the infiltration concept to 
the prediction of runoff it is well to recall that storm waters may be dis- 
posed of in several different ways, as shown above. 

During later stages of a storm subsurface storm flow is likely to 
develop, and its amount is dependent upon the characteristics of the soils 
and other features of the drainage area. In these later stages the capaci- 
ties of the canopy to intercept additional rainfall, of the surface depressions 
to retain further quantities, and of the soil to infiltrate storm waters 
gradually become satisfied and approach zero. 

Because infiltration and surface runoff ordinarily constitute the 
greatest proportion of the total volume of heavy rainfall, a simple sub- 
traction of recorded runoff from recorded rainfall often gives a close 
approximation of total infiltration. However, as upon occasion other 
factors may exert considerable influence and as such factors as subsurface 
storm flow, particularly, are not readily susceptible of precise measure- 
ment, it is clearly not practicable to depend entirely upon infiltration as a 
basis of estimating runoff. 

It has been customary to estimate runoff by using a coefficient derived 
primarily from the average relation of rainfall and runoff for a given 
drainage basin. Houk [12] as early as 1921 presented not only the concept 
of the variable effects of the different phases of the hydrologic cycle but 
also considerable experimental evidence upon them; nevertheless practical 
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engineering design continued to depend upon “runoff coefficients” for 
more than a decade. 

The presentation of the unit hydrograph by Sherman [23] gave 
considerable stimulus to research in this field. This research has from 
time to time led to certain modifications and refinements of procedure in 
the development of a unit hydrograph. In 1934 Bernard [3] developed 
certain factors of the unit hydrograph leading to the distribution graph 
and the pluviagraph. In 1938 Langbein [14] presented methods for a 
more precise allocation between sub-surface and surface storm flow, the 
essentials of which were used in Water-Supply Paper 838 of the United 
States Geological Survey [27]. He has also pointed out [15] the recent 
trend toward treatment of the rainfall and runoff relations in two parts — 
(1) the ground phase, which includes such processes as infiltration and 
evaporation, and (2) the channel phase, which includes the flow of water 
in the channel system. Snyder [26] states that it cannot be repeated too 
often that the unit graph procedure is a means of determining the time 
distribution of surface runoff but does not solve the problem of deter- 
mining how much runoff will occur under any given set of conditions. 

The entire concept of the relation between rainfall and runoff was 
clarified considerably when Horton [10] pointed out the possibilities of 
both analysis and synthesis of the hydrograph. Recent progress in the 
overall study of rainfall and runoff relations may be attributed largely to 
these various steps toward improved hydrograph analysis. 

In analyzing the record of the New England flood of September 1938 
the authors of Water-Supply Paper 867 [28] made use of an infiltration 
index. For this purpose the difference between precipitation and runoff 
was divided by the duration in hours of significant rainfall, in a manner 
similar to that followed in Water-Supply Paper 838. Significant rainfall 
for their purposes was defined as rain that falls at a rate approximately 
equal to or greater than one-half the maximum rate of infiltration. It 
was not implied that this infiltration index corresponds to any limiting 
rate of absorption. It was used rather as a statistical measure of the 
absorbtive capacity that is more nearly independent of the amount of 
rainfall. The detailed calculations led to the development of a map show- 
ing the infiltration index in inches per hour for the storm period. It was 
found that during the periods of most intense rainfall water was apparently 
absorbed at rates considerably in excess of the average and that after the 
beginning of active runoff nearly all rates of rainfall were productive of 
runoff. Along the sandy areas of the Coastal Plain there is a predomi- 
nance of higher rates of infiltration and in general a tendency for an 
increase of infiltration in a downstream direction. The data presented 
correspond to a general average rate of 0.10 inch per hour. In the calcula- 
tions in this paper the amount of water in transit to stream channels, 
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termed the “surface detention,” was computed essentially by the methods 
of Sherman [24]. 

Horner and Lloyd [9] analyzed a large number of hydrographs of two 
small drainage basins, achieving considerable success in the preparation 
of infiltration rate curves and not only testing certain of these theories 
but also showing seasonal variations in infiltration throughout the period 
of observation. 

In a study of large natural basins Sherman [25] presented the example 
of the Macoupin Basin, Illinois. . He derived the infiltration rate curve 
if) (Figufe VII-4) from average rates of infiltration ifav), which may be 
determined on basins of any size. This rate is calculated for periods 
during the storm when the rain intensity exceeds infiltration capacity. 
Sherman calls this condensation of time “equivalent duration time (T).” 
He gives a procedure called the 10-point method for deriving the / curve 
and points out that the average or combination of several / curves is 
desirable. 

The / curves thus derived for large natural basins are materially less 
concave than those derived by infiltrometers on small plots and probably 
less concave than those derived on very small drainage basins. This is to 
be expected, as on a small area surface runoff reaches recording instru- 
ments much sooner than it does on large areas. 

Obviously, to ascertain the range of fluctuation for any large area 
requires numerous records. The analyst is commonly confronted by such 
conditions as lack of homogeneity in the basin, partial-area and partial- 
time storms, and partial records. The meagerness of existing records has 
been pointed out [29], and in order to emphasize the deficiencies it is only 
necessary to recall that many large drainage basins have in their entire 
area not more than one or two recording rain gages. Because of these 
deficiencies in basic information, methods of estimating runoff or of 
deriving infiltration rate curves for large areas have been directed toward 
procedures that are adaptable to meeting existing needs, through the use 
of such information as is commonly available. 

For flood forecasting, for estimating flood stages or flood frequencies 
from rainfall, the concept of infiltration on large areas is of major impor- 
tance. This field has not yet had the attention it deserves. The real 
test of a method for deriving infiltration on natural basins will be reached 
when the predicted runoff matches the observed runoff. 
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CHAPTER VIII 

TRANSPIRATION AND TOTAL EVAPORATION 

Charles H. Lee’ 

INTRODUCTION 

Total eyaporation is the relatively fixed charge which ^)recipitation 
upon the land surface of the earth must pay before it returns as runoff to 
the ocean. Transpiration is often the largest component of total evapora- 
tion and represents the cost of maintaining plant life upon the earth. 
Interception is a minor component, which must also be charged up against 
plant life. Direct evaporation from water and snow surfaces and from 
moist soil constitutes the remainder of total evaporation. Snow and soil 
evaporation would be greater were it not for the shade afforded by plant 
life. Thus plant life is intimately connected with total evaporation, and 
its characteristics and processes must be given major consideration in any 
discussion of total evaporation. 

The physiology and ecology of plants both involve the interrelations 
of water and plant life. In the following discussion of the physical 
process of transpiration, the writings of three leading authorities on these 
subjects have been freely consulted, and any facts not specifically 
supported by references may be found in their published works [50, 58, 79]. 

USES OF WATER BY PLANT LIFE 

Water is as necessary to plant life as it is to animal life. Without a 
continuous water supply plant functions cease and the plant dies. Next 
to temperature, water is the most important single factor in controlling 
the distribution of vegetation over the surface of the earth. Plants use 
water for the following purposes : 

1. For the proper functioning of protoplasm, which includes all the chemical reactions 
occurring within the cell, in which water either enters directly or is the solvent. 

2, For the maintenance of turgor in the living cells, essential for the growth of cells and 
erectness of the plant. 

3- As a transportation medium for the inorganic salts absorbed from the soil and supplied 
as raw material to the leaves for conversion into organic foods. These 'and other plant foods 
manufactured in the leaves must, in turn, be transported in water solution to various parts of 
the plant organism for cell growth and tissue building or for temporary storage. 

4. For chemical combination with carbon dioxide from the air to form the carbohydrates, 
principally cellulose, which compose the dry matter of the plant. 

5. To replace losses, principally by transpiration and guttation. 

^ Consulting engineer, San Francisco, Calif. 
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The maximum amount of water held in storage in the plant at any 
time for the use of protoplasm, in maintaining turgor, and in translocation, 
plus that chemically combined, is less than 1 percent of that lost from the 
plant during the growing season. The principal need of plants for water 
is therefore to replace that continuously lost through stems and leaves by 
transpiration and guttation. 

TRANSPIRATION 

Definitions 

Transpiration is the process by w’hich water vapor escapes from the 
living plant, principally the leaves, and enters the atmosphere. It 
includes cuticular transpiration, or direct evaporation from moist mem- 
branes into the atmosphere through the cuticle, and stomatal transpiration, 
or outward diffusion into the atmosphere, through the pores of stomata 
and lenticula, of water vapor previously evaporated from imbibed mem- 
branes into gas spaces within the plant leaf. As considered practically, 
transpiration also includes guttation. 

Guttation is the loss of water in liquid form from the uninjured leaf 
or stem of the plant, principally through “water stomata” or hydathodes. 

Physical process of transpiration 
Plant classification with respect to waier supply 

Plants are of differing types with respect to the water environment 
and transpiration [79]. Hydrophytes live wholly or partly submerged in 
water, or with roots in saturated soil that is intermittently submerged. 
Mesophytes grow in habitats that usually have neither excess nor defi- 
ciency of water. Xerophytes are plants that have adapted themselves to 
high evaporation rate and deficient water supply. 

Hydrophytes are of three types — submerged, floating and amphibious. 
Submerged hydrophytes absorb gases and nutrients directly from the water 
and lack structural adaptations for protection against water loss. Float- 
ing hydrophytes have poorly developed root systems but greatly expanded 
foliage. The fohage has ample facilities for absorbing gases from the air 
but only rudimentary protection from water loss. The water lily is a 
typical example. Amphibious plants are adapted to live with roots in the 
water and stem and foliage mostly in air, the stem having large air cham- 
bers crossed by pervious diaphragms, which afford aeration to submerged 
portions. Structural adaptations for protection against water loss are 
poorly developed. Common examples are the tule, papyrus, and cattail. 

For a fourth type of plants the term phreatophytes has been pro- 
posed by Meinzer [46] to include plants that habitually obtain their water 
supply either directly from the zone of saturation or though the capillary 
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fringe. Such plants form a distinct ecologic group in desert regions where, 
in contrast to xerophytes, they have an arid environment for their trans- 
piration organs but a humid environment for their roots. They are 
virtually natural wells, with pumping equipment raising water from the 
zone of saturation. In addition to rushes, reeds, and sedges, phreato- 
phytes include salt grass, pickleweed, alkali saccaton, rabbit brush, 
greasewood (Sarcobatus), mesquite, willows, palms, and other trees. 

In contrast to hydrophytes, mesophytes and xerophytes grow with 
root systems in well-drained aerated soil and stems and foliage in air. 
They have well-developed structural protection against water loss. Their 
roots require oxygen, and a rise of water table with saturation of the soil 
will cause death of submerged roots by drowning and possibly death of 
the plant itself. 


Sources of water supply 

The principal source of water supply for mesophytic, xerophytic, and 
phreatophytic plants is soil moisture absorbed through the root system. 
Although leaves and stem may under certain circumstances absorb mois- 
ture, the conditions for such absorption seldom occur in nature, and the 
amount so absorbed is so small compared with the loss by transpiration 
from leaves that it has no significance in the water economy of the plant. 
Humid atmosphere, light showers, or dew are often of value, however, 
because they reduce the evaporation rate to a point less than the rate of 
absorption by roots, thus permitting leaves to become turgid and normal 
functioning of the plant to proceed. 

The range of soil moisture favorable for mesophytic and xerophytic 
types of vegetation lies between the two limits of specific retention (or 
field capacity) and wilting coefficient. Plant roots are unable to remove 
all moisture from the soil, and when permanent wilting occurs there 
remains a residuum of moisture unavailable to the plant. The term 
“wilting coefficient” is in general use, defining the moisture content of 
the soil (expressed as percentage of dry weight) at the time of permanent 
wilting of plants growing in it. A plant is described as permanently 
wilted when its leaves have become so flaccid as a result of deficiency in 
soil moisture that they will not recover normal turgidity when placed in 
an approximately saturated atmosphere without the addition of water to 
the soil [7]. The numerical value of the wilting coefficient depends princi- 
pally upon the type of soil. The smaller the soil particles the greater is 
the amount of water remaining in the soil when wilting occurs. For the 
ordinary types of soil the coefficient ranges from 1 percent or less for coarse 
sand to 15 percent for clay loams and as high as 30 percent for heavy clay 
soils. 
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Experimental work with seedling plants and those in an early stage 
of development has indicated that plants differ but little in their ability 
to reduce the moisture content of the soil [1]. For larger plants it is diffi- 
cult to determine the wilting point, because of the progressive shedding 
of leaves from lower to higher levels. It is probable, however, that even 
in soils of similar types well-developed plants under field conditions differ 
in their wilting points. 

The wilting coefficient has been determined either directly, by grow- 
ing plants in sealed containers and measuring the soil moisture after 
allowing it to decrease to the point of permanent wilting, or indirectly, 
by calculation. Indirect methods, although furnishing only approximate 
results, are more practical for application to plants growing under field 
conditions [7]. They are based upon the relation, established by labora- 
tory tests, of wilting point to moisture retentiveness as measured by cer- 
tain physical factors of the soil such as moisture equivalent, hygroscopic 
coefficient, or moisture-hojding capacity. 

The principal environmental conditions that control the relation of 
plants to soil moisture are (1) the capacity of the soil to deliver water to 
the plant roots and (2) the capacity of the atmosphere to induce water 
loss by transpiration. Experimental evidence indicates that the absorb- 
ing power of root cells exceeds the back pull of the soil for water even at 
the wilting point [65]. The rate of movement of adhesive water through 
the soil is very slow [78] and controls the capacity of the soil to deliver 
water. If, owing to high humidity, low temperature, or some other cause, 
the rate of transpiration is low, as the critical stage is approached the roots 
may continue to obtain moisture for a considerable time and so, without 
injury to the plant, may deplete soil moisture to a point lower than if the 
transpiration rate were high. If, on the other hand, the rate of loss by 
evaporation into the air is high, owing to hot, dry atmospheric conditions, 
the soil may fail to supply water with sufficient rapidity and the plant 
may wilt and even die. The ability of the plant to obtain water at the 
time wilting begins is therefore controlled, on the one hand, by the rate of 
movement of soil moisture, which depends upon the soil temperature and 
the gradient and the degree of soil moisture; and, on the other hand, by 
the rate of transpiration, which depends upon climatic conditions and 
variety of plant. 


Pathway of water movement 

It has long been known that water enters the plant through the roots, 
trav'erses the stem, and escapes from the leaves. More recently its course 
through the plant tissue has also been definitely established. This course 
is essentially as follows : 
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Water enters the plant through the outer layer of epidermal cells of 
the younger portions of the root system, principally through the root hairs. 
From the epidermal cells it moves through the cells of the cortex and the 
endodermis, passing thence into the cavities (iumina) of the long cells 
known as tracheids and tracheae. These form the conducting tissue of 
the vascular system, which traverses roots, stem, and leaves as part of the 
xylem. Water ascending through these tubes finally reaches the vascular 
system of the leaves. Thence it moves through the chlorenchyma (green) 
cells to those bordering upon the intercellular air spaces at the base of the 
stomata. Here it leaves the cell walls as vapor and escapes through the 
stomata into the external atmosphere. In certain plants water may also 
travel upward through the cortex and pith of the root and stem, but the 
amount is apparently very small except in young plants. 

Root system . — The root system of each plant species is distinctive, but 
single specimens may vary with the conditions of growth as to structure, 
extent, weight, number, and direction. The behavior of roots in the soil 
is influenced by many factors, important among which are age, soil mois- 
ture, nutrients, oxygen supply, temperature, soil texture, and gravity. 

The direction of root growth is toward soil with greater available 
moisture content. Roots will not penetrate dry soil to reach a moister 
soil beyond, but when in contact or close proximity to moisture will turn 
toward or follow it. Roots will avoid waterlogged or poorly aerated soil. 

With respect to extent of the root system, plants may be classified as 
annuals, close-growing perennials, shrubs, and trees. The root systems 
of annuals range from 10 to 100 inches vertically and 4 to 70 inches hori- 
zontally. Close-growing perennials such as alfalfa reach much greater 
depths, extremes of 40 feet in soil and more than 100 feet in fissured rock 
being reported. Shrubs and trees that form tap roots, such as the pine 
and oak, reach to depths of 10 to 20 feet in fine-textured soil, but shallow- 
rooted varieties such as spruce and cottonwood seldom exceed 5 feet. 
The lateral spread of the roots of shrubs and trees is from two to seven 
times that of the branches. The working depth of root systems seldom 
exceeds 6 feet and lies principally in the first 3 feet. For this reason root 
competition between herbaceous cover and trees is keen. 

The absorptive area of the root is confined to the part near the end of 
the growing tip of each rootlet, beginning usually 1 to 3 millimeters from 
the apex. It is here that the root hairs occur. They are in contact with 
films of soil water and increase the absorbing surface of the epidermal cells 
man 3 dold. They are not roots but tubular outgrowths of the exterior 
walls of certain superficial epidermal cells and are to be distinguished from 
the small fibrous hair roots often mentioned in agricultural literature. 
They range in length from a fraction of a millimeter to 10 millimeters 
depending upon soil conditions. The formation of root hairs is affected 
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by available water, temperature, obstructions, hydrogen ion concentra- 
tion, and toxic substances. Saturated soil tends to suppress the produc- 
tion of root hairs. Their longevity depends upon species of plant and 
moisture conditions of soil. In some species it is only a few days or weeks ; 
in others they last for several years but do not function that long. 

Stem . — The stem of a plant includes the root crown and main stalk 
or trunk, with all branches, twigs, and slender supports of leaves, flowers, 
or fruit. In section it is made up of cortex (bark), endodermis, cambium, 
xylem (wood), phloem, fibrovascular bundles, medulla (pith), etc. The 
fibrovascular system of the xylem is the channel for the transpiration 
stream from roots to leaves; the phloem is the channel for transmission 
of food from the leaves to all parts of the plant. In herbaceous plants 
these elements are arranged more or less concentrically about the medulla. 
In shrubs and trees the living tissue with its function of conduction is 
confined to the soft sap wood and cortex composed of the current and 
immediately adjacent annual rings. The main trunk is composed of dead 
tissue or heartwood, in which the lumina have been blocked up and 
hardened by tyloses. The water content of the stem of herbaceous plants 
constitutes from 70 to 90 percent of the green weight, that of trees -40 to 
60 percent. 

Leaves . — ^Leaves are the green expanded organs (foliage) which make 
up most of the external covering of a plant. Their function is the manu- 
facture of plant food from sap and gases absorbed from the atmosphere, 
utilizing the energy of the sun operating through chlorophyll. They are 
relatively broad, flat, and thin, with a large surface area in proportion to 
mass. The total leaf surface of most plants is manyfold larger than the 
ground area covered by the plant. 

The ordinary leaf is composed largely of thin-walled cells (mesophyll) 
permeated with numerous finely divided vascular bundles (veins) with 
open ends. Of the veins there may be as many as 6,000 per square 
centimeter of leaf surface. The entire leaf is covered by a layer of cells, 
generally one cell thick, known as the epidermis, which is more or less 
impervious to moisture and gases, particularly when the exposed surface 
is well cutinized. The epidermis is perforated with numerous pores called 
stomata. The mesophyll is loosely constructed, with many air spaces 
between cells. The intercellular spaces join and finally unite with one of 
the relatively large air spaces beneath each pore or stoma. These inter- 
cellular spaces form from 3 to 70 percent of the total volume of the leaf. 

The thin-walled cells of mesophyll are in direct contact with the 
lumina or tubes of the fibrovascular bundles, which in turn are directly 
connected through the roots with the water supply of the soil. A portion 
of the moist surface of the mesophyll cells is also exposed to the inter- 
cellular air cavities, which are connected to the atmosphere through the 
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stomata. The area of moist cell surfaces exposed to the intercellular air 
spaces is manyfold greater than the external leaf surface. Leaf structure, 
although well adapted to the absorption of gases from the atmosphere or 
the excretion of waste gases from metabolism, is poorly arranged for the 
retention of water and is a constant menace to the life of the plant by 
excessive evaporation. 


Controlling forces 

In living plants there is a continuous column of water, derived from 
soil moisture and ascending, first, through epidermal cells, cortex, and 
endodermis of the root, and second, through the fibrovascular systems of 
the root, stem, and leaves, finally reaching the walls of mesophyll cells 
facing the intercellular spaces of the leaf. Thence it escapes into the 
atmosphere through the stomata. This moving column or transpiration 
stream is made up of many minute threads, each terminating at menisci, 
one in the submicroscopical cavities in cell walls of epidermal cells of the 
root, and the other in the outer walls of mesophyll cells of the leaves. 
These columns are of widely differing size and length in different types of 
plants. In large trees the height of the water column may exceed 300 
feet and the aggregate rate of flow in the conducting channels of the 
xylem may amount to many hundred gallons per day. The forces 
involved in this hydrodynamic system, which feed it at the base, which 
hold the water column in place, and which cause upward flow to replace 
water lost by evaporation at the leaves, are many and complicated and 
although given much study are not fully understood. For detailed con- 
sideration these forces may be divided into groups associated with the 
three processes of absorption, ascent, and discharge. 

Absorption by roots . — Absorption of the / soil water by the roots 
includes the entrance of water into the root system and its movement 
across it to the endodermis cells. Three forces are recognized in this 
process — imbibition, osmotic forces, and passive absorption. 

Imbibition- is the attraction of solid substances for water and is 
especially characteristic of colloidal material in a gel condition. Both the 
cell wall and the protoplasm of epidermal cells of young root tissue are 
coUoidal in nature, and both have strong affinity for water of soil particles 
with which they are in contact. Water is drawn into the cell wall of 
epidermal cells by imbibition and thence by the same force into the 
adjacent protoplasm within the cell. Imbibed water arranges itself 
around solid particles as films, which cause separation of the particles and 
swelling of the mass. The limit of separation depends upon the cohesive 
forces between the particles. In wood the limit is soon reached, but in 
gelatin the amount of imbibed water may increase until the particles go 
into -colloidal solution. The force of imbibition exerted by dry cell walls 
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and protoplasm amounts to hundreds of atmospheres and is very strong, 
even within the plant, where cell walls and protoplasm contain consider- 
able water. The imbibition of water by cell walls and protoplasm 
produces water contact between the vacuole or cell sap of adjacent cells 
and thus provides a continuous waterway by which water and water- 
soluble substances may move from cell to cell. Imbibition of water is 
thus a necessary preliminary to the operation of osmotic forces. 

Osmosis is broadly defined as the diffusion of watery solutions through 
membranes, the direction of major movement being from the region of 
high concentration to that of low concentration of the diffusing material 
either as solvent or as solute. Plant cell walls and protoplasm constitute 
membranes. Some of these membranes are permeable -that is, they 
allow both solvent and solute to pass through; many others are semi- 
permeable, allowing the solvent to pass but not the solute. 

Osmosis in living plant tissue produces a pressure in cell sap termed 
"osmotic pressure,” which may be viewed from two aspects — (1) as the 
pressure that dissolved materials in cell sap would be capable of exerting 
upon the protoplasm and cell wall if the cell were placed in pure water, 
it being assumed that the cell wall is absolutely rigid and that the proto- 
plasm allow'S water to enter freely, but that neither protoplasm nor cell 
wall will allow dissolved materials to escape from the cell sap; (2) as the 
pull that the water of cell sap is capable of exerting upon pure water from 
which it is separated by a perfectly semipermeable membrane. The 
osmotic pressure or pull of cell sap varies directly with the concentration 
of the solute and results from the relations of membranes and 
solutions. 

Osmotic pressure of cell sap in a living cell may be regarded as exerting 
a hydrostatic pressure against the protoplasm and cell wall. This causes 
the protoplasm to maintain close contact with the cell wall and the cell to 
be more or less expanded. An expanded cell is rigid and is described as 
turgid. The hydrostatic pressure of cell sap against the cell wall is termed 
the "turgor pressure” of, the cell, and the opposing pressure of the cell 
wall against the protoplasm and cell sap is termed "wall pressure” of the 
cell. If deficiency of water is brought about in cell sap by higher con- 
centration of the external solution or by excessive evaporation, the hydro- 
static pressure is destroyed, and the cell wall contracts to its minimum 
limit. Protoplasm is more elastic, however, and will continue to contract 
as water is withdrawn until it becomes loosened from the cell wall. This 
condition is termed "plasmolysis.” It is an abnormal condition, which, 
if continued, will cause death. The condition when the cell wall has 
reached its limit of contraction but when the protoplasm has not yet 
receded from the wall is known as incipient plasmolysis. Wall pressure 
and turgor pressure are both zero at incipient plasmolysis. Wall pressure 
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is at its maximum when a cell has reached its limit of expansion and is 
equal to the osmotic or turgor pressure at that time. 

The osmotic value of cell sap is the degree of concentration of the 
osmotically active substance in the sap. It is the potential or latent 
osmotic pressure of the cell sap and expressed in terms of osmotic pressure 
in atmospheres. In a living plant it is greatest at incipient plasmolysis 
and least when the cell is in equilibrium with distilled water. 

The absorbing power or suction pressure of the plant cell is the force 
that causes water to enter the cell. It varies with the relative osmotic 
value of the cell sap and external solutions. The osmotic value of the 
cell sap of epidermal root cells is always greater than that of the external 
soil solution, and this superiority is maintained as concentration of the 
external solution increases. The relation of the absorbing power of 
epidermal root cells and the osmotic value may be expressed by the follow- 
ing equation: 

Absorbing power = osmotic value of cell sap — (osmotic 
value of external solution -I- wall pressure) 

If the cell sap is in equilibrium with pure water, the absorbing power 
is zero ; if the cell is at incipient plasmolysis, the absorbing power is at its 
maximum. For normal plant-cell conditions the absorbing power lies 
between these extremes. 

The absorbing power of the epidermal root cell has been observed 
to be one or more atmospheres. Under the force of osmotic action soil 
water enters the root provided there is an increasing gradient of absorbing 
power from cell to cell across the cortex to the endodermis cells. 

In the absorption of water by the root system and movement of 
water across it, osmotic forces always act jointly with imbibitional forces, 
with a tendency for the two forces to equalize. Whenever imbibitional 
forces exceed osmotic forces water will move into imbibing matter such as 
protoplasm or cell wall. If, on the other hand, osmotic forces are the 
greater, water will move from imbibing matter into cell sap. 

Under conditions of little or no transpiration and abundant water 
supply, the absorption of water and its movement across the root system 
can be explained by osmotic and imbibitional forces in the root system, 
provided that a saturation deficit is created in the endodermal cells. 
This deficit, however, must be created by other than imbibitional or 
osmotic forces. Under conditions of high transpiration, on the other 
hand, absorption by these forces is too slow to replace the water transpired. 
Under such conditions stronger forces pulling from the region above the 
endodermal cells are controlling, the root cells being passive and their 
principal function then being to prevent the entrance of air through the 
absorbing surface. 
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It is thus apparent that the absorption of water by the root system 
and mo^^ement across it is complex, involving the forces of imbibition, 
osmotic pressure, and passive absorption, acting either separately or 
jointly. It is doubtful, however, whether these forces supply the plant 
with sufficient water to replace losses during periods of active transpiration. 

Ascent through stem . — That water or sap of plants ascends from the 
endodermal cells through the fibrovascular system of the stem to the 
leaves has been fully established. The forces involved in this process, 
however, are not fully understood, largely because of the lack of external 
evidence and the difficulty of measuring and interpreting the available 
manifestations. To be valid, any explanation of the process must include 
the extreme case of the tall leafy tree. Among the forces that have 
been suggested are atmospheric pressure, capillarity, imbibition, “root 
pressure,” and the vital forces of protoplasm. Logical reasoning and 
experiment have shown that none of these are adequate to explain the 
phenomenon. 

There being no pumping mechanism in plant tissue itself, water must 
either be pushed up from below or pulled up 'from above. The evidence 
is in favor of the latter, the cohesion theory affording the best explanation 
known at present. This theory is based upon the observed fact that a 
column of fluid, such as water, if free from air bubbles and enclosed in a 
rigid tube to the wall of which it adheres, can transmit a very considerable 
tension owing to the attraction or cohesion of fluid particles for one 
another. The fluid, being unable to change its shape and by virtue of its 
cohesion, transmits a pull like a steel wire. The tensile strength of a 
column of water with small diameter exceeds 300 atmospheres at rupture. 

In the ascent of sap the tubes of the fibrovascular system contain 
water columns which are free from air bubbles and which adhere to the 
walls of the lumina, thus fulfilling the requirements for transmission of 
tension in fluids. Cross walls at the end of the lumina do not interfere 
with the continuity of the water column, for they are fully soaked with 
water. Transpiration from cell walls exposed to intercellular air spaces in 
the leaves induces tension in these water columns. According to the cohe- 
sion theory, this tension is transmitted throughout the fibrovascular 
system of the stem to the endodermal cells of the root, where it creates a 
water deficit. If the rate of transpiration is low this deficit is supplied 
from soil moisture in contact with root hairs by the forces of imbibition 
and osmotic pressure. If the rate is high the tension extends through the 
endodermis and cortex of the root to the epidermal cells. Here the root 
hairs absorb water from soil moisture by increased condensation induced 
by the greater concavity of the menisci. 

The flow of water up the highest tree is thus caused by the difference 
between the vapor pressure at the surface of the epidermal cells of the 
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root system and that at the walls of mesophyll cells exposed to the 
atmosphere in the intercellular cavities of the leaves. It is possible 
that the energy required for raising water in this manner is provided by 
plant respiration. 

Discharge . — Discharge of water from plants by transpiration is 
accomplished through the ordinary process of atmospheric evaporation as 
modified by the structure and functions of the plant. It takes the place in 
the air-filled intercellular cavities of leaves. Water moistening the walls of 
mesophyll cells surrounding these cavities vaporizes and escapes from the 
leaf into the outside atmosphere through the stomata. The sairie basic 
factors of solar radiation, temperature, relative humidity, and wind that 
control evaporation thus also control transpiration. There are envi- 
ronmental factors, however, that cause the rate of transpiration per 
unit area to be less than evaporation and that also modify somewhat the 
time variations. 


Influencing factors 

The rate of loss of water from plants .by transpiration varies greatly 
with the species of plant, the conditions under which it grows, and the time 
of the day, month, or year, and from year to year. The factors that 
influence the rate of transpiration can be classified as physiologic and 
environmental. 

Physiologic factors . — The physiologic factors that control transpira- 
tion include the density and behavior of stomata, the extent and character 
of protective coverings, the leaf structure, and plant diseases. 

The stomata are minute more or less elongated openings through the 
epidermis. Each stoma lies between two specialized cells known as guard 
cells, which in turn are bordered by subsidiary cells; the whole group is 
termed the stomatal apparatus. The structure of the apparatus differs 
in differept plants but is generally similar. 

The number of stomata per unit area of leaf, or density, is charac- 
teristic of the plant species and is also influenced by environmental condi- 
tions such as humidity, light intensity, and soil moisture. Density in 
various types of plants ranges from 50,000 to nearly 800,000 stomata per 
square inch. It is greater on the lower than the upper side of the leaf, 
the ratio ordinarily being about 3 to 1. A few observations have been 
reported in which no stomata were formed on the upper side. Density 
varies in different portions of the same leaf and in different leaves on the 
same plant. In general there is an inverse relation between the number 
and the size of the stomata, which are smallest where density is greatest. 
Stomatal dimensions vary widely, but the area is of the order of 100 
square microns. The aggregate area of stomatal openings is from 1 to 3 
percent of the total leaf surface. 
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The opening and closing of stomata is produced by changes in turgor 
of guard cells and results from uneven thickening of the walls of the guard 
ceils. The osmotic value of cell sap in guard cells differs from that of sap 
in the epidermal cells of the leaf and varies during the day somewhat in 
accord with the opening and closing of stomata. The important factors 
affecting opening and closing are as follows: 

1. Light intensity. Stomata usually open in the light and close in darkness. This is 
true of all plants. 

2. Moisture supply of leaves. Stomata close regardless of other influences when guard 
cells loose turgor. True of all plants. 

3. Temperature of air. Affects speed of opening. 

4. Humidity. High humidity permits stomata to open wider and remain open longer. 

There are various types of daily movement of stomata. The follow- 
ing are typical of agricultural field crops: 

Alfalfa. Open from 2 to 6 hours after daylight, remaining open 3 to 6 hours, then slowly 
closing, remaining closed for period twice as long as open. Typical of thin-leaved mesophytes. 

Potatoes. Open continuously except for 3 hours after sundown. 

Barley. None opening at night. Many closed in day and when open only for an hour or 
two. Typical of cereals. 

The capacity of stomata for diffusion of gases is ordinarily three to 
•six times that needed for discharge of water evaporated from the interior 
of intercellular air cavities, even at the maximum rate. Stomata may 
therefore close to a considerable degree and still provide ample capacity 
for escaping vapor. 

Contrary to general belief, the control exercised by the stomata upon 
the rate of transpiration is limited [43, 50]. Stomata do not close in antici- 
pation of wilting but after the leaf has wilted to a sufficient degree for 
turgor to decrease in the guard cells. Changes may occur in the rate of 
transpiration without corresponding changes in the size of stomatal open- 
ings. When the stomata are fully open, the transpiration rate is deter- 
mined by the factors that control evaporation alone. As they close, the 
influence of evaporation factors decreases, but even at a closure of 50 per- 
cent atmospheric influence is superior to stomatal regulation. When 
stomata are almost closed (2 percent) they begin to exert a controlling 
influence upon water loss. It is not known how completely transpiration 
is prevented by complete closure of stomata. Cuticular transpiration, 
although differing in various plant species, accounts for about 10 percent 
of the total water loss from leaves and stem. 

Many textbooks state that protective coverings of leaves, such as 
hairs, reduce transpiration, but experimental investigations made in 
recent years do not substantiate this statement. Although they may 
have slight protective effect in wind, their influence upon transpiration is 
relatively very small in comparison with their abundant development. 
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Waxy coverings are much more effective in reducing transpiration, and 
certain nontoxic oils when applied as sprays are effective in retarding 
transpiration from transplanted nursery stock of coniferous trees. 

Leaf structure has also been considered as having an effect upon 
transpiration. It has been found, for example, that the typical leaf 
structure of xerophytic plants, characterized by development of dense 
palisade and sponge tissue with small intercellular space and deep-set 
stomata, is very effective in reducing transpiration. Many exceptions 
to the rule have been found, however, and Shreve [64] concludes that the 
differences in anatomical structure of mesophytic and xerophytic leaves 
do not account for the difference in resistance to water loss by plants in 
arid regions. 

Another feature of leaf structure that affects transpiration is the 
water content of the leaf, as related to incipient drying — that is, the dry- 
ing out of cell walls surrounding the intercellular air spaces of the leaves 
with temporary decrease in transpiration rate that may accompany 
increase in evaporating power of the air. The reduction in transpiration 
is apparently due to the retreat of water films into the pores of the cell 
walls with increase of surface tension in the water surfaces. If the water 
content of the leaves is high, increased power of evaporation does not 
produce incipient drying, and transpiration increases. If, on the other 
hand, the water content of the leaves is low, incipient drying occurs and 
the rate of transpiration tends to decrease. This phenomenon is illus- 
trated by the higher transpiration rate observed in plants with relatively 
small leaf surface, which are able to maintain a higher water content of 
exterior cell walls than plants with larger leaf surface. 

Environmental factors . — The principal environmental factors that 
influence transpiration are solar radiation, atmospheric and soil conditions, 
chemicals, and fungus diseases. 

Solar radiation is a source of daylight energy from the sun which, 
impinging upon leaf surface, has a positive effect upon evaporation of 
water and hence upon transpiration. Study of the effect of solar radiation 
upon transpiration has been confined principally to light intensity. It has 
been found that light has a direct accelerating influence upon transpira- 
tion, in addition to any secondary effect upon stomatal movement. In 
two varieties of plants investigated it was found to average 4 percent [22]. 
Increased transpiration due to increase of light has been attributed to its 
action in producing higher temperature of the leaves and greater per- 
meability of protoplasm and cell wall colloids. 

Atmospheric conditions also affect the evaporation rate. The term 
“evaporating power of the air,” or “evaporativity,” is used to designate 
the combined influence of air temperature, humidity, and wind movement. 
The evaporating power of the air, unlike solar radiation, acts both day and 
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aight. It is usually positive in action but no ay be negative, as when the 
plant absorbs moisture from the air or when dew is formed upon its sur- 
faces. Air temperature is the most influential factor in transpiration, 
tests indicating that it causes about 60 percent of the loss. Relative 
humidity is the factor next in importance [52], but there are few quan- 
titative data available as to its relative influence upon transpiration. 
Although wind may have considerable momentary influence, its aggregate 
effect upon the transpiration loss during the growing season has been found 
to be less than 5 percent. 

Evaporation and transpiration are largely controlled by the same fac- 
tors, but they respond in different manner and different degree. Expressed 
numerically, approximately 90 percent of transpiration loss is determined 
by the factors that control evaporation. Evaporation rates are thus 
indicative of transpiration rates and are useful in studies in which approxi- 
mate rates of transpiration are required. For botanical and horticultural 
research small portable instruments known as atmometers are in use for 
measuring the rate of evaporation. These are of two types, those with a 
small tank with free water surface and those with, moist porous surface. 
The latter are most widely used, especially the porous clay-cup type [41]. 
Evaporation as measured by atmometers differs greatly from evaporation 
from a large free water surface, which is the standard used by engineers 
and hydrologists. 

The ratio of transpiration, as the measured rate of water loss from a 
plant, to evaporation, as measured by an atmometer, has been termed 
“relative transpiration” or “transpiration coefficient.” This ratio, if 
plotted for short periods such as a day, reflects the influences that are 
peculiar to transpiration. If plant and atmometer responded alike to 
changes in environment, the values of relative transpiration would lie in a 
straight line. Actually the line is periodic in form, with a pronounced 
minimum during the night. This fluctuation is assumed to represent the 
departure of transpiration from that which would occur if the plant 
responded freely to its environment. It thus represents the physiologic 
departure of transpiration rate from the normal due to closure of stomata 
or other changes within the plant. It has been found that all atmometers 
do not respond similarly to environment, so that this method is not as 
definite an indicator of plant changes as was formerly supposed [50]. 

Soil conditions influence transpiration from two aspects — the texture 
of the soil and the degree of soil moisture. The influence of texture is 
exercised principally through its relation to the rapidity of movement of 
soil water. If the movement is very slow, as in clayey soils, the momen- 
tary supply available to the roots at a time of increasing evaporation power 
may be so small that incipient drying of leaves will occur, with decrease in 
transpiration. Abundant water supply, on the other hand, such as may be 
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available in loam soils in which the movement is more rapid, will permit 
transpiration to increase with increase in evaporating power. Experi- 
mental evidence relative to the effect of soil moisture upon transpiration 
indicates that a plant will transpire at maximum rate when the soil has 
sufficient moisture for good tilth, and that increase above this amount does 
not incEease the rate. Decrease of soil moisture below this amount, on the 
other hand, will lower the rate of transpiration until the water content has 
reached the wilting coefficient and the plant is badly wilted. At that point 
the rate of transpiration may be only 2 to 3 percent of that with ideal soil 
moisture. 

Chemicals applied either to the soil in which the plant is growing or to 
the leaves in the form of spray may increase or decrease the transpiration 
rate. Fungus diseases of plant leaves produce similar effects. 

Relative advantages and disadvantages 

The relative advantages and disadvantages of transpiration have been 
ohe subject of much debate, the extreme positions being (1) that the 
process is an unavoidable evil and (2) that it is vitally important to the 
normal functioning of the plant organism. Among the arguments in 
support of the second position is that transpiration cools the leaves and 
prevents injury or death by high temperatures. Experimental work has 
shown that the degree of cooling rarely exceeds 2° to 5° C., which, in view 
of the present state of knowledge of protoplasm, could be of little aid in 
preventing injury from heat [50]. The death of leaves in hot weather is 
apparently due to excessive loss of water from protoplasm rather than 
excessive increase in temperature. 

Another argument is that transpiration increases the rate of absorp- 
tion from the soil of inorganic salts that are required for plant food. It has 
been proved conclusively, however, that there is no relation between rate 
of transpiration and absorption of mineral salts from the soil [50]. It is 
also seriously questioned whether the transpiration stream aids materially 
in transporting absorbed salts from roots to leaves, leading authorities 
stating that transpiration can have little or no effect upon the movement 
of nutrients [50] . Viewed in all its aspects, transpiration is unquestionably 
a very wasteful process, and its harmful effects upon plant life appear to 
exceed by far its beneficial effects. The benefits, if any, do not compensate 
for the elements of danger. 

It has been pointed out [3] that the explanation of this anomalous 
condition may be found in the origin and development of the transpiration 
process. Probably in the primitive state plants lived in water and derived 
the carbon dioxide and oxygen needed in the process of photosynthesis and 
respiration directly from this source. As development took place plants 
have not materially changed their method of obtaining these gases. As at 
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present organized, with foliage exposed to the atmosphere instead of to 
water, wet cell walls are exposed to drying by evaporation as well as 
absorption of carbon dioxide, and except under special conditions have 
developed no effective means of protection against loss of water. Tran- 
spiration, although a constant source of danger to plant life, is thus 
unavoidable and must be recognized in any study of the hydrologic 
balance. 


, Guttation 

The loss of water by guttation occurs under conditions favorable for 
root absorption but unfavorable for transpiration. It is essentially a rapid 
process of plant relief for the disposal of water absorbed by the roots in 
excess of transpiration. It occurs principally at night but may also take 
place in the daytime if proper conditions prevail. Cool nights following 
warm days or high humidity during warm weather are both favorable. 
The water of guttation escapes through specialized organs termed “hydro- 
thodes.” They are of two types, with reference to the vascular or water- 
conducting system of the plant. One type has no connection with this 
system, consisting of modified epidermal cells that form specialized hairs or 
conical protrusions. The other type, known as epithem hydro thodes, are 
directly connected to the ends of the fibrovascular bundles and open to the 
atmosphere through water stomata whose guard cells have lost their power 
of adjustment. The water of guttation ordinarily collects at the edges and 
tips of leaves, but under extreme conditions it may appear over the entire 
leaf surface. The escape of water by guttation is produced by pressure in 
the fibrovascular system known as root pressure, because of its supposed 
origin in certain root cells. The same force produces exudation from cut 
stems or holes bored in the stem, although the loss from holes may also be 
caused by forces of local origin. Water lost by guttation is appreciable in 
quantity and may often be felt as a fine mist under trees of certain types. 
A common example is that of willow and cottonwood trees during warm, 
humid summer days in semiarid or arid regions. 

Methods op measxjbing transpieation 

The measurement of transpiration has been approached from differing 
standpoints by research workers in various fields. The botanist, inves- 
tigating transpiration as a physiologic process, is interested in relative 
rates as controlled by physiologic or environmental conditions. Such data 
can be most conveniently obtained by tests of a few hours or days made 
upon detached parts of plants. Investigators interested in the application 
of transpiration data to problems of silviculture, agriculture, and engineer- 
ing, on the other hand, require information for longer periods, ranging from 
a few weeks to the full growing season. They also are interested in tran- 
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spiration from the whole plant or extensive stands rather than from a part 
of a plant. The principal methods used in measurement of transpiration, 
as described below, reflect the purpose and background of the investigator. 

Measurement of water vapor transpired 

Hygroscopic absorption. — In the Freeman method special apparatus is 
used consisting of a large glass cylinder as a transpiration chamber for a 
growing twig or portion of a plant, two U tubes containing phosphoric 
anhydride for absorption of moisture, and a water aspirator of known 
capacity, all connected by rubber tubing. Air is drawn through the 
system by opening the aspirator valve, and the amount of moisture 
absorbed by the U tubes is measured and corrected for atmospheric 
moisture. The leaf area in the cylinder is then determined and the rate of 
transpiration calculated. This method can be used for plants too large 
to be grown in containers, or when the whole plant cannot be sacrificed for 
the test. It gives quantitative data on the comparative rates of transpira- 
tion for different plants. Objectionable features of the method are the 
abnormal conditions of temperature and humidity in the transpiration 
cylinder and the tendency of moisture to condense on the walls of the 
cylinder. These difficulties can be partly overcome by the use of more 
active drying agents, such as anhydrous magnesium perchlorate and 
barium perchlorate, as attempted by Minckler [ 61 ]. The method has been 
used in botanical and silvicultural research. 

Hygrometer. — The hygrometer method consists of measuring changes 
in humidity in a closed container in which is placed a small growing plant 
or twig. It is open to the objection that the humidity is abnormally high 
and constantly increasing. 

Indicators applied to leaf. — The most commonly used indicator applied 
to a leaf is cobalt chloride, which changes in color with change in moisture 
content. Strips of filter paper dipped in a solution of the salt are placed 
against the growing leaf, and the time required for color change, called leaf 
test time, is obtained. This is compared with the water test time for a 
standard evaporating surface, to obtain the index of transpiration power. 
This method is very sensitive to change or difference in transpiration rate 
and furnishes quantitative information relative thereto. It has been 
improved and standardized by Livingston and Shreve [ 42 ] and is now used 
by a large number of botanical research workers. 

Measurement of change in weight due to loss of water 

Potometer. — The potometer (poton, drink; meter, measure) consists of a 
vessel containing water into which can be inserted the cut end of a severed 
leaf, twig, branch, or plant. After proper sealing, measurements are made 
of the amount of water removed from the vessel. The period of test is 
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limited to a few hours or days. This method was formerly used exten- 
sively by botanists and silviculturists for theoretical laboratory study of 
transpiration. The apparatus is simple and easy to manipulate and is 
fairly satisfactory for determining relative rates under differing conditions, 
provided losses are determined by periodic weighing of container and 
specimen, thus eliminating the error due to water going into storage or 
upbuilding of plant tissue. The method is not adapted, however, to 
obtaining reliable quantitative results applicable to plants normally rooted 
in the soil. This has been clearly shown by comparative tests and study 
of the relative behavior of stomata for plants in potometers and growing 
in the soil [50]. 

Weighing freshly cut parts of plants . — Another method consists of 
weighing freshly cut leaves, twigs, or stalks of growing plants, immediately 
after cutting and at short intervals thereafter, during a period of hours or 
days or until wilting commences. The accuracy of the method is based on 
the assumption that transpiration continues at approximately the same 
rate immediately before and after cutting. Cutting and weighing is done 
either in air or in water. If cut in air, the rate of loss is determined from 
the rate of change in weight during intervals of a few minutes for the first 
hour, the weighing being done at the site of the growing plant and under 
the same atmospheric conditions. If cut in water, a great change in 
transpiration rate occurs, usually an increase, due to ample water supply 
and reduction of plant tissue between leaf and water. In time, however, 
the rate is reduced to what it was previously. Changes at the cut surface, 
in the size of stomatal openings, and in suction forces are all involved, but 
they need study to be fully understood. 

Eesults have been used quantitatively to determine 24-hour loss where 
the ratio of transpiration rate at the time of cutting to the average 24-hour 
rate is known. For application to the whole growing period the relation of 
leaf area at the time of cutting to the average leaf area during the growing 
period is also required. The method has been applied both to single 
plants and to close-growing field crops such as alfalfa or meadow grass. It 
has been tried in silvicultural and engineering investigations but is not in 
general use [16, 34, 38]. 

Phytometer . — Phytometers (phyton, plant; meter, measure) are of 
various types and are in general use by botanists for registering the effect 
upon growing plants of differing environmental conditions. They differ 
from potometers by containing soil in which the whole plant is grown, thus 
reproducing more nearly the natural conditions for rooted plants. The 
period of test may be varied, as desired, from a few hours up to the full 
length of the growing season. 

For measuring transpiration the closed phytometer has been exten- 
sively used by silvicultural, agricultural, and engineering experimenters. 
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This consists of a water-tight container, either pot or tank, which can be 
sealed after the plant is well established, so as to exclude precipitation 
and to prevent the escape of water except through the plant. Soil is 
placed in as near the original natural condition as possible and brought to 
the desired moisture content, which is maintained by adding water from 
time to time in amount necessary to bring the container and specimen 
back to the initial weight. For long-time experiments provision is made 
for aeration. 

Pots or tanks are used as containers. The tanks are usually cylindri- 
cal galvanized-iron cans holding from 250 to 1,000 pounds of soil. Succes- 
sive weights are obtained either by automatic balances in the laboratory, 
or for large containers in the field by means of block and tackle and sus- 
pended balances or platform scales. Results are expressed either in 
depth of water loss over area of soil surface during the period of observa- 
tion, or in weight of water required to produce a unit weight of dry matter. 

By use of the closed phytometer both the progressive rates of trans- 
piration during the growing season and the total amount of water used in 
producing the fully grown plant can be determined. It is the most 
satisfactory and convenient method for theoretical study of transpiration 
losses, although its application is limited to plants with small root systems. 
Difficulties experienced by early experimenters in obtaining accurate 
results were as follows : 

1. Obtaining sufficient soil to attain normal transpiration relations and root development 
of the plant. 

2. Obtaining the same atmospheric and light exposure as under natural field conditions. 

3. Obtaining the same leaf development or density of planting as under field conditions. 

4. Preventing disturbance of the soil during excavation and replacement in the container, 
especially with respect to aeration and permeability. 

Transpiration ratio {water requirement ), — A modification of the 
phytometer method is widely used in agricultural research, and to a 
moderate extent by silviculturists, to determine the total amount of water 
lost by transpiration in relation to dry matter produced. Water require- 
ment is defined as the ratio of the weight of water absorbed by, conveyed 
through, and transpired from a plant during the growing season to the 
weight of dry matter produced exclusive of roots. The term “water 
requirement” is misleading, however, as the results merely indicate the 
amount of water transpired from the plant stem and leaves under certain 
more or less artificial conditions of climate, soil fertility, soil moisture, 
and physical conditions of the plant. The terms ‘ ‘ transpiration ratio ” or 
“water-use ratio” for certain described conditions are more appropriate 
and do not conflict with the term “water requirement” as used by irriga- 
tion engineers to represent the total quantity of water, regardless of its 
source, required by crops for normal growth under field conditions. 
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The transpiration ratio serves primarily as a measure of relative 
efficiency of plants in the use of water, but in some places where data on 
crop production are available it can be applied to determine transpiration 
loss from large areas of cropped land. The method consists of growing 
plants to maturity in sealed tanks containing about 300 pounds of soil 
and weighing the amount of aerial dry matter produced after drying at a 
temperature between 100° and 110° C. The container is weighed at 
frequent intervals during the growing season, and measured quantities of 
water are regularly added to the soil to replace losses. The amount of 
water consumed by the plant is computed from the sum of the quantities 
of water added during the season corrected for the difference in weight of 
the container with contents at the beginning and end of the test. The 
amount of water retained within the plant at harvesting is negligible in 
comparison with the amount transpired. Results for a single plant 
variety may vary 100 percent or more with varjdng conditions of climate, 
soil, soil moisture, and fertilizer. 

In order to use the transpiration ratio in determining water losses 
from large areas of growing crops, experimenters sometimes dry and weigh 
only that portion of the plant which is harvested and for which figures on 
harvested yields per acre are available. Published results may thus be 
based upon differing portions of the plant, such as aerial dry matter in 
hay and alfalfa; grain in cereals, beans, and corn; or tubers in potatoes 
and sugar beets. Few of the early investigators determined total dry 
weight, even of matter above ground, and the conditions under which 
their experiments were carried on were seldom fully described. In some 
experiments the tanks were not sealed, so that soil evaporation was 
included with transpiration. As a result, it is difficult to correlate the 
work of early investigators, or to determine the applicability of published 
data to field conditions in any given area. Beginning with the work of 
Briggs and Shantz in 1910 [8, 9, 63], followed by Kisselbach and Mont- 
gomery [52], Dillman [12], and Miller [50], the experimental methods have 
been more systematic, and published descriptions of conditions more 
nearly complete. 


Application of results 

Measurements by the potometer. Freeman, and cobalt chloride 
methods and also the weighing of freshly cut parts are all useful for inten- 
sive study of transpiration. They furnish during short periods of time a 
quantitative basis for comparing the relative rates of transpiration from 
detached specimens under differing environmental conditions. Grossly 
erroneous results may be. obtained, however, if such data are used to 
determine the transpiration from whole plants or stands or for long periods 
of time. An attempt made by Pfaff [58, p. 76], for example, to determine 
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total transpiration from a large oak tree during the growing season, by 
periodic measurements of leaf area and water loss from cut twigs, applied 
to computed leaf area of the tree, gave a result equivalent to nearly ten 
times the annual precipitation upon the projected area covered by crown 
and roots. On the other hand, Lee [34] obtained reasonable results by 
applying the measured rate at which water was lost from a known area of 
freshly cut alfalfa during the first 15 minutes after cutting, but even here 
considerable assumptions were involved in applying data from JL5 minute 
observational periods to a 7-month growing season. 

The phytometer method, in contrast to those listed above, furnishes 
quantitative results for whole plants that are cumulative over long periods 
of time. It is not very applicable to large shrubs and trees or to close- 
growing stands. Silviculturists have attempted to bridge this gap in two 
ways — first, by determining transpiration per unit leaf area of a specimen 
of a given species during a given period of time and multiplying this by 
the estimated leaf area in the whole tree or forest area ; second, by obtain- 
ing the dry weight of mature leaves per unit area for the particular species 
arid locality by cutting and stripping a known area and applying to this 
result the transpiration ratio as experimentally determined for the same 
species in a similar environment. The first method involves greater 
assumptions and is the less reliable. The second method is more costly 
but has practical utility. Both are subject to the linaitations of the 
phytometer method. 

Data on transpiration ratio have been used principally by agricul- 
turists and engineers, in determining water loss from field crops. If crop 
ydelds are known the data for similar crops can be applied directly to 
larger areas on an acreage basis. Where the harvested crop includes only 
a portion of the aerial dry matter, the relative weights of harvested and 
entire dry matter must be determined. As the transpiration ratio varies 
considerably with climatic conditions, these conditions must be taken into 
consideration in selecting ratios for purposes of estimation. Final results 
are subject to inaccuracies from differences in the growing conditions that 
surround the plant in the tank and in the field. 

Agriculturists and engineers have extensively utilized the results of 
phytometer tank experiments made on low, close-growing vegetation, 
in which water loss for a given period is expressed as depth over the area 
of soil surface in the tank covered by the vertical projection of the plants. 
This figm-e is then applied to field areas of cultivated crops or close-growing 
natural vegetation, either directly or after application of a correction 
factor. The correction is essential where tanks are isolated or have 
abnormal exposure. The numerical value of the factor to be used must 
depend upon the experience and judgment of the user and may range 
from 0.30 to 1.0, depending upon conditions [6]. 
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Quantitativ'e experimental data 
Availability 

The quantitative results of measurements by the phytometer, 
Freeman, cobalt chloride, and similar methods are the basis of the various 
conclusions at which botanical investigators have arrived concerning the 
process of transpiration. They are voluminous, and their complete 
reproduction is beyond the scope of this paper. The only data of this type 
presented herein are those pertaining to diurnal variation in transpiration. 

Quantitative measurements by the phytometer method furnish data 
of total water loss by transpiration over long periods of time and are of 
interest to hydrologic, agricultural, and silvicultural workers. Unfortu- 
nately the available information is scanty, most of it being in the form of 
data on transpiration ratio. Where soil evaporation is negligible, data 
derived from tank measurements of consumptive use approximately 
represent transpiration loss. 

Variations of rate with time 

Diurnal variations— The, variations of transpiration within the 
diurnal and seasonal cycles and also from year to year are of practical 
interest. Diurnal variations reflect the daily cycle of environmental 
influences such as temperature, humidity, and especially light intensity. 
The details are well illustrated by (Fig. VIII-1) prepared by Lee [34] 
from potometer observations made under the direction of F. E. Clements 
at the University of Minnesota on a'cloudy day, February 17, 1907 [60]. 
It is evident from this chart that light intensity is the primary factor 
controlling diurnal variations in transpiration. A similar chart (Fig. 
VIII-2), prepared from the experimental work of Miller and Coffman [50], 
shows the relation of hourly transpiration from corn and milo to evapora- 
tion from a porous-cup atmometer at Garden City, Kans., July 26 and 27, 
1916. Evaporation can be considered as representing the composite 
effect of solar radiation and atmospheric conditions during daylight hours, 
and this portion of the curve shows a striking resemblance to that of 
transpiration. The closure of stomata with darkness, however, abruptly 
terminates the similarity of the two curves. In general 94. to 97 percent 
of daily transpiration occurs during daylight hours, the maximum rate 
occurring between 11 a.m. and 3 p.m. Variations from day to day due to 
changing weather conditions may be large. 

Seasonal variations . — Seasonal variations in transpiration are pri- 
marily controlled by plant activity but can be correlated with evaporation. 
This is illustrated by (Figure VIII-3), prepared from data obtained by Lee 
in Owens Valley near Independence, Calif., during 1911 [35]. Observa- 
tions of transpiration from second-year growth of salt grass were made 
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by the phytometer method in tanks 7 feet 6 inches in diameter and 6 feet 
6 inches deep, set flush with the ground surface and surrounded by similar 
growth. Although the tops of the tanks were not sealed, loss by soil 
evaporation was nominal, owing to the cover afforded by the close and 
luxuriant growth of salt grass. Water losses from salt-grass tanks during 
the growing season, extending from March 15 to October 15, averaged 91 
percent of the total for the year, while that from the free water surface 
was 77 percent. Measurements of water evaporation were made in a 
circular tank 3 feet 6 inches by 4 feet, set with the top flush with the sur- 
face of the ground. The persistence of water evaporation during the 
nongrowing season differentiates the evaporation curve from the transpira- 
tion curve (Fig. VIII-3). 


Table 1. — Transpiration ratio in pounds of water per pound of dry leaf matter and evaporation, 
in inches from free water surface at Akron, Col., season April 1 to September 30, 1911-17 
[Data from reference 63, table 27] 


Plant 

1911 

1912 

! 

1913 

1914 

1915 

1916 

1917 

Average 

Alfalfa 

1,068 

657 

834 

890 

695 

1,047 

822 

859 

Oats, Swedish select 

615 

423 

617 

599 

448 

876 

635 

602 

Oats, Burt 

639 

449 

617 

615 

445 

809 

636 

601 

Barley, Hannchen 

527 

443 

513 

501 

404 

664 

522 

511 

Wheat, Kubanka 

468 

394 

496 

518 

405 

639 

471 

484 

Corn, Northwest Dent 

1 368 

280 

399 

368 

253 

495 

346 

358 

Millet', Kursk 

287 

187 

286 

295 

202 

367 

284 

273 

Sorghum, Red Amber 

298 

239 

298 

284 

303 

296 

272 

270 

Average transpiration ratio 

534 

384 

508 

509 

382 

649 

499 

495 

Evaporation^ 

Transpiration ratio, percent of 

48.8 

37.7 

43.0 

41.8 

33.4 

47.1 

42.7 

42.1 

average 

107 

78 

104 

103 

77 

• 131 

101 

100 

Evaporation, percent of average 

116 

90 

102 

99 

79 

112 

101 

100 


^ Observed in sunken land pan 8 feet in diameter, 24 inches deep, 1911-15 and similar pan 6 feet in diameter. 
1916-17; evaporation about 80 percent of that for 12 months. 


Secular variations . — Transpiration varies greatly from year to year as 
the result of climatic differences, just as evaporation from a free water 
surface varies. This fact is well illustrated by data on transpiration ratio 
for standard crops obtained at Akron, Colo., for the years 1911 to 1917 
(see table 1, above), and at Newell, S. Dak., 1912 to 1918, and Mandan, 
N. Dak., 1919 to 1922 (see table 2). The close agreement each year in 
the percentage departures from average transpiration ratio and evapora- 
tion at these three stations shows conclusively that annual variations in 
transpiration ratio are controlled by the same climatic factors that control 
evaporation. This relation apparently applies not only to annual varia- 
tions at the same locality but to differences in average transpiration ratio 
at localities with differing climatic conditions. These relations make it 
possible to correct a single year’s observations of transpiration ratio to the 
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average for a period of years, and to convert an average at one locality to 
that at another, provided the annual evaporation is known for a period 
of years. The accompanying Figure VIII-4 expresses the relation of 

TRAMSPIRATION RATIO (HUNDREDS OF POUNDS) 



Fig. VIII-4. — Relation between evaporation for reservoir surface and transpiration ratio of 
alfalfa. (Evaporation from reservoir surface computed from evaporation from 8-foot sunken land 
pan by use of a coefficient of 0.94.) 

Table 2. — Transpiration ratio, in pounds of water per pound of dry leaf matter, and evaporation, 
in inches, from free water surface season April 1 to August 31, at Newell, S. Dak., 1912-18, 
and Mandan, N. Dak., 1919-22 
[Data from reference 12, table 32] 


Plant 

1912 

1913 

1914 

1915 

i 

19161 

1917 

1918 

1919 

1920 

1921 

1922 

Aver- 

age 

Alfalfa, all varieties 

701 

759 

1,036 

602 

694 

898 

947 

706 

670 

936 

742 

802 

Wheat, Kubanka C, I. 1440. , 

463 

436 

528 

333 

352 

487 

415 

520 

340 

531 

372 

434 

Millet, n|l varifttifts 

261 

316 

307 

177 

232 

278 

239 

303 

186 



255 

Sorgo, Dakota Amber 




210 

239 

275 

284 

273 

229 



252. 

Sudan grass 




272 

! 314 

344 

333 

347 

274 



314 

Evaporation:® 





I 








April-September 

37.7 

37.1 

35.1 

27.4 

32.5 

34.8 

32.5 

39.6 

35.3 

39.3 

133.9 

35.0 

June-August 

22.7 

23.4 

22.4 

15.1 

18.1 

22.8 

20.2 

24.5 

121.9 

24.7 

120.3 

21.5 

Transpiration ratio, percent 













of average. 

^ 100 

105 

112 

76 

90 

108 

98 

no 

88 

118 

95 

100 

Evaporation, percent of aver- 











i 


age 

106j 

109 

i 

105 

70 

1 

S4j 

106 

94^ 

114, 

102 

115 

95 

j 

100 


o Observed in sunken land pan 8 feet in diameter, 24 inches deep. 


evaporation to transpiration ratio as indicated by the data for alfalfa in 
tables 1 and 2 and is regarded as having general application for this crop 
in localities where data on evaporation from a reservoir surface or equiva- 
lent are available, 
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It was also found at Akron that changes in weather conditions- may 
cause the loss of water from plants to vary as much as 600 percent on suc- 
cessive days, so that the conditions prevailing during periods of a month 
or even 10 days may determine whether the water requirement for the year 
will be high or low [63]. 


Total plant discharge 

Total plant discharge includes the total loss from plants by transpira- 
tion and guttation throughout the growing season. For practical use in 
hydrology the data must apply in extended stands, either for a single 
variety or for a group of naturally associated varieties. The various types 
of vegetation growing in North America may be broadly classified as 
follows : 


N atural vegetation : 
Evergreen forests. 
Deciduolis forests. 
Grassland. 
Woodland. 
Sagebrush. 

Desert scrub. 
Weeds. 


Cultivated vegetation: 
Field crops: 

Grains. 

- Legumes. 
Cucurbits. 
Crupifers. 
Miscellaneous. 
Orchard. 

Vineyard. 


The broad groups of natural vegetation are subdivided into groups 
technically termed formations or climaxes, which are controlled by cli- 
matic conditions, such as arid, semiarid, humid, and tropical. Locally 
there are further subdivisions controlled by surface- or ground-water con- 
ditions. Such subdivisions are of special importance in arid and semiarid 
regions. Among them are the types of vegetation characteristic of stream 
borders, river-bottom lands, meadows, swamps, and marshes. 

Experimental determinations of transpiration in America have been 
largely confined to cultivated crops and associated native vegetation. In 
Europe some work has been done upon forest trees, the phytometer 
method being used and the results expressed as transpiration ratio .for 
leaves. In a few experiments the method of weighing freshly cut parts 
of plants has been attempted. Lee [34] found by this method that the 
total transpiration loss from a stand of alfalfa at Independence, Calif., 
averaged 3.4 feet in depth, and Hammatt [16] found an average loss from 
sugar grass at Chewaucan Marsh, near Paisley, Oreg., of 1.2 feet. The 
results of the most reliable and comparable tests of transpiration ratio 
for agricultural crops are assembled in table 3, and for forest trees in 
table 4. 

Agricultural crops . — The most complete and reliable series of tests on 
agricultural crops are those made by Briggs and Shantz [8, 9, 63] at Akron, 
Colo., during the years 1911 to 1917, and by Dillman at Newell, S. Dak., 
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Table 3.- — Transpiration ralio^ in pounds of water per pound of dry leaf matter ^ for agricultural crops. — (Continued) 
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Weighted means. ^ State College, N. Mex. 




288 


HYDROLOGY 


and Mandan, N. Dak., from 1912 to 1922 (table 3). Akron is 100 miles 
east of Denver, and its climatic conditions are representative of the central 
Great Plains. The climatic conditions at Newell and Mandan are typical 
of the northern Great Plains. The tests at Akron embraced 59 varieties 
of plants, 14 grain crops, 25 other crops, and 20 native varieties. Plants 
were grown to maturity in large galvanized pots holding 250 pounds of 

Table 4. — T'ranspiralion raiio^ in pounds of water per pound of dry leaf matter, for forest trees 
[Data from reference 23, tables 1 and 15] 


Variety 

Botanical name 

Transpiration ratio 

1. Larch (tamarack j 

Larix europea 

1,165 

2. Beech 

Fagus sylvatica 

1,043 

3. Linden (basswood) 

Tilia grandifolia 

1,038 


Fraxinus excelsior 

981 

5. Aspen 

Populus tremuloides 

873 

fk Wh te birch 

Betula alba 

849 

7. Black alder 

Alnus glutinosa 

840 

8. Hornbeam (irornvood) .. 

Carpinus betulus 

787 

9. Field elm 

Ulmus campestris 

738 

10. Gray alder. ... 

Alnus incana 

678 

ii- Stiei oak 

Quercus pedunculus 

1 

12. Traiiben oak 

Quercus sessilifolia 

> 616 

13. Zerr oak 

Quercus cerris 


14. Sycamore maple 

Acer platanoides 


15. Mountain maple 

Acer pseudoplatanus 

C 578 

16. Field maple 

Acer campestre 

5 

17. Norway spruce 

Abies excelsa 

242 

IS. Austrian pine 

Pinus austriaca 

123 

19. Scotch pine 

Pinus sylvestris 

110 

20. Fir 

Abies pectinata 

86 

Average for deciduous and associated evergreen trees 


with normal habitat on stream borders or continually 


moist soil, Nos. 1 to 7 



970 

Average for deciduous tree.s with normal habitat in well- 


drained soils and on slopes, Nos. 8 to 16 

680 

Average for evergreen trees, Nos. 17 to 20 

140 


soil. Each pot was provided with a tight-fitting cover sealed with wax 
around stem plants. To protect the plants from birds and the elements, 
experiments were conducted in screened enclosures. A long series of 
observations was made to compare results from tanks in shelter, in the 
open, and set into the ground in the field and surrounded by an extensive 
.stand of the same crop. Although the results showed wide variations, 
the general conclusion was reached that -plants in the field had a transpira- 
tion ratio 10 percent greater than those in shelter, and plants in freely 
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exposed tanks a ratio 13 percent greater. Dillman’s work was similar to 
that at Akron and included 14 varieties of agricultural plants and weeds. 
The results of other reliable measurements of transpiration ratio shown 
in table 3 agree reasonably well with those made in the Great Plains 
region, if correction is made for climatic and other differing conditions. 
Tests by Sleight [66] at Denver in the 12-foot and 9-foot ground pans indi- 
cate that evaporation from April 1 to September 30 in the locality of Akron 
is 80 percent of the annual evaporation. 

Forest trees . — The most systematic and extensive set of experiments 
to determine transpiration ratios for forest trees is that of Franz von 
Hohnel at the Austrian Forest Experiment Station at Maraibrunn from 
1878 to 1880. Although using methods of doubtful value, Hohnel’s 
results agree fairly well with those of other workers and are as reliable as 
any others available [58]. He transplanted 5-year old seedlings to pots 
equipped with conical covers, containing about 10 pounds of soil. Various 
pots were given sun, shade, and half-shade exposures. Water was system- 
atically added during the growing season, and at the end of each season 
the leaves were gathered and dried. The results were expressed as weight 
of water per unit weight of dry leaf matter. Twenty varieties of trees 
were used, including both evergreen and deciduous trees. Observations 
during the year 1878 were made to determine minimum requirements 
under local conditions, and those in 1880 maximum requirements. The 
conditions during 1879 were probably more nearly average, and the results 
have been compiled from Hohnel’s original reports by Horton [23] and are 
reproduced in table 4. 

Application of transpiration ratio . — The practical use of the transpira- 
tion ratio in hydrologic studies is limited. Hay is the only agricultural 
crop for which harvest yields are stated in terms of total aerial dry 
matter. Briggs and Shantz [9] made tests in 1913 on 20 varieties of plants 
to determine the transpiration ratio in terms of dry seed tubers, roots, or 
fruit produced. The data thus obtained indicated that the ratio in terms 
of dry harvested crop is two to four times greater than that for the whole 
plant, but the tests were insufficient to produce usable results. For 
applying Hohnel’s data to stands of deciduous forest trees, Horton [23] 
proposes the formula 

r dhN E 
^ ~ 10,000 ^ 45’ 

in which T = transpiration rate, in inches of depth per acre. 
d = breast-height diameter of tree, in inches. 
h = height of tree, in feet. 

N = number of trees per acre. 

E = annual evaporation, in inches. 
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Lee has cut and stripped close-growing sapling willow trees 10 feet 
in height within a measured area and obtained an oven dry weight per 
acre of 2,367 pounds. 

Broadly considered, data on transpiration ratio although of general 
interest and of specific value in agriculture and silviculture because they 
indicate the wide range in transpiration that may be expected with differ- 
ent plant varieties and environments, are of little practical use to the 
engineer and hydrologist. In fact, losses by soil evaporation and inter- 
ception are so intimately associated with transpiration that for any areal 
studies experimental data should represent the natural integrated value 
of all three of these elements of water loss, rather than a synthetic combina- 
tion. For this reason, data on consumptive use and total evaporation 
are of greater practical utility than data on transpiration ratio. 

SOIL EVAPORATION 
Physical process 

Soil evaporation is the loss of water by evaporation into the atmos- 
phere from water films adhering to moist soil grains. It usually occurs 
at or near the surface of the ground, but if the upper zones of the soil are 
sufficiently open for atmospheric circulation, it may also occur as interior 
evaporation. Evaporation from bare soil is much greater than that from 
soil shaded by vegetation. 

In order for soil evaporation to occur, soil grains must be enveloped 
by film water in excess of hygroscopic moisture. Film water is most 
abundant within the capillary fringe immediately above the water table, 
where it is termed “fringe water.” Soil moisture above the capillary 
fringe may be termed “adhesive water” and varies in degree from field 
capacity to hygroscopic moisture. At the hygroscopic condition soil 
moisture is in equilibrium with atmospheric moisture, and evaporation 
ceases. The rate of soil evaporation varies with the abundance of film 
water, and the aggregate evaporation within any period of time depends 
upon the continuity of the film at a given state of soil moisture. The ratio 
of evaporation from the soil to the potential evaporation from a free water 
surface at any instant is termed the “evaporation opportunity.” 

For maintenance of evaporation .opportunity there must be a con- 
tinuing replenishment of film water to replace that lost by evaporation. 
If the evaporating zone is within the capillary fringe the water table serves 
as a constant source of supply, and the rate of capillary flow is usually 
great enough to maintain a film. Under such conditions the maximum 
rate of soil evaporation occurs with a very shallow water table and a con- 
dition of satirration at or near the ground surface. The rate decreases as 
the water table declines and the water film decreases in thickness, becom- 
ing nominal or zero soon after the water table drops below the limit of 
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capillary rise. In sand the capillary rise is from 1 to 2 feet. In sandy 
loam it may exceed.4 feet, and in clayey soils it may be as great as 10 feet. 

Above the capillary fringe the movement of adhesive film water from 
areas of greater to areas of lesser-moisture content is so slow that the flow 
is practically negligible [78]. The replenishment of film water above the 
capillary fringe is therefore intermittent, the water being derived from 
precipitation, surface flooding, or irrigation. The evaporation oppor- 
tunity under such conditions is extremely variable, changing rapidly from 
unity to zero as the top soil passes through the cycle from dryness at 
hygroscopic moisture, to saturation, to field capacity, and finally back to 
dryness. 


Quantitative data 
Soil moistened from water table 

Measurement of evaporation from bare soil moistened from a water 
table has been undertaken in western America by several investigators dur- 
ing the last 25 years, using the tank method. Lee’s work in Owens Valley, 
Calif., 1909 to 1911 [34, 35], was an early attempt. Sleight’s work on evap- 
oration at Denver, Colo., 1915 to 1917 [66j, included tests of evaporation 
from moist river bed materials. Parshall made an exhaustive study at 
Fort Collins, Colo., 1925 to 1927 [54], of evaporation from saturated soil 
and river-bed sands, the water table being maintained at a depth of less 
than 12 inches by Mariotte tank control. Similar work, with the water 
table ranging in depth from a few inches to 4 feet was carried on by the 
United States Reclamation Service in 1926 to 1928, as reported by Houk 
[54]. White [80] also made tests in Escalante Valley, Utah, during 1926 
and 1927, and Tipton and Hart [84] made tests at Garnett in San Luis 
Valley, Colo., during 1927, 1928, 1930, and 1931. 

Conclusions drawn from the results of these various tests may be 
summarized as follows: 

1. Evaporation from sand saturated at the surface is equal to or 
slightly in excess of that from a free water surface. For loams and clayey 
soils such as adobe it is less, ranging from 75 to over 90 percent. A work- 
ing ratio for the relation of evaporation from a saturated bare soil surface 
to that from a free water surface, applicable to sand, is 100 percent, and 
to average loamy soil 90 percent. Lower ratios should be used for heavy 
soils. 

2. Evaporation from the soil of water derived from the water table 
ceases when the water table reaches a depth exceeding the limit of capillary 
rise for the soU. For heavy soils, including clay loams and adobes, soil 
evaporation practically ceases when the water table reaches a depth of 4 
feet, even though the capillary limit may exceed this figure. Soil losses 
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with the water table below this depth occur by plant transpiration rather 
than by soil evaporation. 

3. Soil evaporation varies between these -maximum and minimum 
limits^ depending upon the depth of the water table. The rate of varia- 
tion is generally proportional to the depth, although the available data 
are not entirely conclusive on this point. 

Freely draining soil 

The evaporation from freely draining soil above the capillary fringe 
has been frequently investigated, both in the United States and abroad. 


Table 5. — Evaporation from hare well-drained soil 


Locality 

Years 

of 

work 

Type of soil 

Size of tank 

Average 
annual 
precipi- 
tation 
(inches) “ 

Average 

soil 

evapo- 
ration 
(inches) i 

1 

Authority 

LYSIMETER METHOD 







Geneva, Switzerland. . . 

2 



26 0 

15.2 

Maurice [751. 

Orange, southern France 

2 



28 0 

21.0 

Gasparin [75]. 

Ferrybridge, Yorkshire, 
England. 

5 

Magnesian lime- 
stone 

1 X 1 X 3 ft. 

24 6 

19 8 

Charnock [75J. 

Lee Bridge, London, Eng- 







land 

14 

Fine sand 

3 X 3 X ’ ft. 

25 7 1 

4.1 

Greaves [75j. 

Gorlitz, Silesia, Germany 

4 

Clay 

? X 1 25 m. 

25 6 

18.4 

Von Mollendorff [75]. 

Do 

4 

Loam 

Do.. 

25.6 

IS 1 

Do. 

Do 

4 

Sandy Loam 

Do. 

25 6 

15.2 

Do. 

Munich, Bavaria 

3 

Sand 

? X 1.20 m. 

42.3 

13 9 

Wollny [75]. 

Do 

3 

Loam 

Do. 

42.3 

31,1 

Do. 

Do 

3 

Peat 

Do. 

42.3 

15.2 

Do. 

Rothamsted, Hertford- 
shire, England- 

32 

Heavy loam 

b 5 X 6 5 X 
1.7 ft. 

28.1 

1 14.4 

Laws and Gilbert [75). 

Do 

32 

I Do. 

6.5 X 6.5 X 
3.3 ft. 

28.1 

13.6 

Do. 

Do 

32 

Do. 

6.5 X 6 5 X 

5 ft. 

28.1 

14 6 

Do. 

FIELD-PLOT METHOD 







Anaheim, Calif 

lt> 

Fine sandy loam 

10 X 10 ft. 

12.39 

6.0 

Blaney and Taylor [5]®. 

Ontario, Calif 


Sand over silt 
loam 

Do. 

11.52 

4.7 

Do. 

Do 


Sand 

Do. 

12.79 

6.8 

Do. 

Glen Avon Heights, Calif. 

16 

Loam 

Do. 

12.18 

8.1 

Do. 


® For period of observation. 

Oct. 1 to Apr. 15, including practically all of the annual rainy season. 

® Concluded that average soil evaporation during a winter storm does not exceed 0.5 inch. 


The favorite method of measurement in England and in continental 
Europe has been by means of the lysimeter, soil evaporation being com- 
puted as the difference of precipitation and measured percolation through 
the soil column. Many observations by this method have been made 
upon bare soil, and some of them extended over long periods of years. 
Data regarding those made prior to 1905 have been comprehensively 
compiled by Veatch [75] and are reproduced in table 5. 
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The lysimeter method has been said to give results for percolation 
which are (1) too high because the soil is not in a natural state of consolida- 
tion and the runoff factor is suppressed, or (2) too low because the method 
of underdrainage is unnatural [75]. For soil evaporation, however, these 
errors tend to compensate or do not apply, and the method should give 
fairly accurate results. Lysimeter data in table 6 (p. 298), although some- 
what erratic, indicate a higher loss from clay and loam soils than from 
sandy soils, and a greater loss with greater precipitation. The mean soil 
evaporation for all tanks listed in the table is 52 percent of the mean 
precipitation. 

Measurements of soil evaporation from well-drained soil in America 
have been made in connection with irrigation practice in the West and with 
conservation of water in southern California. The measurements on 
irrigated areas have been productive of very few quantitative data useful 
in hydrologic work but have demonstrated that losses by direct evapora- 
tion from the soil are negligible below a depth of 1 foot [76]. Blaney’s 
work in the Santa Ana River valley of southern California [5] included tests 
by the field-plot method on clean bare soil, with systematic measurements 
of precipitation, runoff, and soil moisture. His results are also included in 
table 6 and tend to confirm the conclusions derived from lysimeter tests 
regarding the effect of soil texture. The mean soil evaporation from all 
field plots was 54 percent of the mean precipitation. 

In the foregoing discussion soil evaporation has been considered as 
occurring from bare soil without shading from the direct rays of the sun. 
Where shade is provided by growing vegetation water losses by soil 
evaporation are far less than indicated and under some conditions may be 
nominal. The total losses from soil covered with vegetation are greater, 
however, owing to the activity of roots, which penetrate the soil to depths 
of at least 10 feet in search of water. 

INTERCEPTION 

Interception is the process by which precipitation is caught and held 
by foliage, twigs, and branches of trees, shrubs, and other vegetation and 
evaporated from their exposed surfaces. 

Interception is probably greatest in forested areas . It has been found 
to exceed 40 percent of the summer precipitation in well-developed stands 
of Douglas fir in the Pacific Northwest, and similar percentages of winter 
snowfall are reported for dense stands of white fir in the Sierra Nevada 
[32]. Kittredge [32] states that for average forest conditions over large 
areas the seasonal interception may range between 10 and 25 percent of 
the precipitation, but for cut or burned areas or heavily grazed range it 
may approach zero. Horton [23] states that the loss by interception is 
roughly 15 percent of the rainfall. Interception unquestionably repre- 
sents a major item of loss in shrub and forest areas. 
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CONSUMPTIVE USE 
Definitions 

The term consumptive use of water has been in growing uee since about 
1910 among engineers and others interested in the technical phases of 
irrigated agriculture in western America. It was first used by John E. 
Field, State engineer of Colorado, to describe waters completely consumed 
in irrigation and has since appeared extensively in unpublished engineering 
reports, in court proceedings, and in records pertaining to the Colorado 
River Compact. The extensive use of the term, although local, and the 
availability of a large amount of valuable published data on the sub- 
ject entitle it to a place in any discussion of transpiration and total 
evaporation. 

The first basic definition in published hterature was the following as 
proposed by the Duty of Water Committee, Irrigation Division, American 
Society of Civil Engineers [19] — namely, “The quantity of water in acre- 
feet per cropped acre per year absorbed by a crop and transpired or used 
directly in the building of plant tissue, together with that evaporated from 
the crop-producing land.” 

Recognizing the impracticability of confining water loss to crop- 
producing areas, the Committee on Absorption and Transpiration, Section 
of Hydrology, American Geophysical Union, later proposed a similar 
definition, adding natural to cropped vegetation and including “inter- 
cepted precipitation” [39]. 

Amplified definitions, apphcable to large irrigated areas and to entire 
valleys with interspersed areas of natural vegetation and bare moist land, 
have since been adopted by the Bureau of Agricultural Engineering, 
United States Department of Agriculture, in connection with investiga- 
tions in the upper Rio Qrande Basin [84]. These definitions as set forth 
below are comprehensive and fully representative of current thought on 
the subject. 

Consumptive use (evapo-transpiration) is the sum of the water used by 
the vegetative growth of a given area in transpiration or building of plant 
tissue and that evaporated from adjacent soil, snow, or intercepted pre- 
cipitation on the area in any specified time. It is expressed in acre-inches 
per acre or depth in inches for short periods of time, and in acre-feet per 
acre or depth in feet for long periods such as a growing season or a 12-month 
year. 

Valley consumptive use is the sum of the water absorbed by- and 
transpired from crops and native vegetation and lands upon which they 
grow and that evaporated from bare land and water surfaces in the valley. 
All amounts are measured in acre-feet per 12-month year on the re.spective 
areas within the exterior boundaries of the vaUey. 
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Stream-flow depletion is the amount of water that annually flows into 
a valley or onto a particular land area minus the amount that flows out of 
the valley or away from the particular land area. It is usually less than 
consumptive use, which in addition includes water derived from precipita- 
tion and ground water. 

These more complete and specific definitions are very useful in 
coordinating the work of early investigators, some of whom, approaching 
the problem with reference only to irrigation, failed to segregate losses 
from noncrop areas, later termed “ nonbeneficial consumptive use,” or to 
include all sources of water supply. The water loss from valleys as deter- 
mined by most of the early investigators was stream-flow depletion rather 
than valley consumptive use. 

Methods of measuebment 

Numerous methods have been devised to measure consumptive use. 
They can be classified under the four headings volumetric,. lysimeter, water 
table, and available heat. A comprehensive discussion of methods was 
presented by the Duty of Water Committee, American Society of Civil 
Engineers in 1927 [19], and an instructive application of methods to a 
particular area appears in the report of Rio Grande Joint Investigation in 
the upper Rio Grande Basin dated February 1938 [84]. 

Volumetric methods 

The volumetric methods are based upon measurements of inflow, out- 
flow, and change in storage volume in a water-tight container during a 
specified period of time, using the equation 

Consumptive use = inflow — outflow + change in storage 

Containers vary in type and size from small metal tanks containing 
soil with growing plants to large alluvium-filled rock basins whose surfaces 
constitute fertile valleys ■with cultivated farms, towns, and the conven- 
iences of modern community life. 

Tanks . — The use of unsealed tanks sunk into the ground with top 
almost flush with the surface for determination of consumptive use, 
although somewhat questionable as to accurate reproduction of growing 
conditions in the field, is simple and inexpensive and has been widely 
adopted by investigators. There has been a marked tendency to over- 
come the principal objections to this method and to eliminate the errors of 
earlier experiments. The present practice is to use large tanks permitting 
a more normal root development, the dimensions as now adopted by 
investigators ranging from 27 inches in diameter to 10 meters square and 
from 30 inches to 9 feet 9 inches in depth. Filling tanks with undisturbed 
soil, burying tanks in the field closely smrounded by the natural growth, 
limiting the_ number of plants to average density, preventing spread of 



TRANSPIRATION AND TOTAL EVAPORATION 


301 


foliage beyond tank boundaries, and providing replacements for lost or 
diseased plants are all included in the best recent practice. 

For plants growing in freely draining soil it is also necessary to limit 
the amount of water added to the tank at each application, in order to 
prevent percolation to the bottom of the tank, with the building up of 
capillary storage either with or without a water table. For plants nor- 
mally drawing their supply from the capillary fringe a water table must be 
maintained in the tank at a constant level'. This has been satisfactorily 
accomplished with the Mariotte tank, water being supplied to the soil tank 
through a connecting pipe [55]. As pointed out by Rohwer [54] and others, 
however, to obtain reliable results by this device, especial care must be 
exercised to eliminate leaks from the supply system and to keep the supply 
tank at constant temperature. 

The results of tank measurements, where they have been checked by 
independent methods, appear to be reasonably reliable, if the tanks are 
properly designed and exposed and systematically observed. The condi- 
tions surrounding tank experiments, especially the exposure, should be 
thoroughly investigated, however, before placing dependence upon results 
as applied to field conditions. If tank exposures are abnormal correction 
factors should be applied to the measurements. 

The results of tank experiments are applied to large areas such as 
irrigation projects or valleys by the "integration method." This consists 
of the summation of products of consumptive use for each crop or stand of 
native vegatation times its respective area, plus water-surface evaporation 
times its area, plus bare-soil evaporation times its area [84]. 

There are five classes of modern investigational work in which tanks 
have been employed for measuring consumptive use — namely, use of water 
in irrigation, discharge of ground water, salvage of water consumed by 
natural vegetation, prospective losses from vegetation in backwater areas, 
and conservation of water. 

Study of the use of water in irrigation by the integration or analytical 
method employs results of tank measurements, both of consumptive use 
and of transpiration and soil evaporation. The work of Hammatt [16] in 
eastern Oregon, that of Crandall [10] in Idaho, and that of the Bureau of 
Agricultural Engineering, United States Department of Agriculture [84], 
in the upper Rio Grande Valley, are excellent examples of this method. 
Hammatt used tanks for measuring the transpiration ratio of growing 
meadow grasses and the soil evaporation, adding these to change in soil 
moisture and deep percolation to obtain total use of water in irrigation. 
CrandaU measured consumptive use from an irrigated area of 100,000 
acres of mixed field crops in the lower Snake River Valley during a 2-year 
period, obtaining very close agreement by the following three independent 
methods: 
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1. JMeasurenient of annual increase in spring flow below the project as augmented by 
percolation losses from irrigated land gave a result of 2.7 acre-feet per acre. 

2. Determinations of soil moisture before and after irrigation gave a result of 2.6 acre- 
feet per acre, 

3. Computations based on transpiration ratio for each crop, as obtained by tank experiment 
under somewhat similar climatic and soil conditions and applied to classified crop areas plus 
similarly applied rates of soil and water evaporation, gave a result of 2.65 acre-feet per acre. 

The determination of ground-water discharge from underground 
reservoirs by either the inventory or the discharge method involves con- 
sumptive use as measured by the tank method. The inventory method 
was first applied by Lee [34] in the Independence region of Owens Valley, 
Calif., and consisted of a detailed accounting for a period of 3 years of all 
elements of ground-water intake, storage, and discharge, for a closed 
geologic basin of 232 square miles, with its tributary high-mountain 
drainage area of 125 square miles. One element of discharge consisted of 
transpiration and soil evaporation from 52 square miles of moist valley 
land. Large tanks (7.5 by 5.5 feet) were used to measure consumptive use 
from salt grass for various depths to water table and also soil evaporation. 
A close balance was obtained between inflow and outflow, 90 percent of the 
outflow being consumptive use. Lee also [36] made an intensive study of 
San Luis Rey Valley, San Diego County, Calif., involving large losses by 
transpiration from willow trees, and obtained very close agreement 
between ground-water replenishment and draft, principally by consump- 
tive use, over a 20 year period. White [80], employing the discharge 
method for determining ground water discharge from Escalante Valley, 
Utah, made tank measurements of consumptive use for alfalfa, salt grass, 
and greasewood as a check against the water-table method. 

Salvage water as represented by consumptive use of native vegetation 
in a proposed reservoir site was volumetrically determined by Stearns 
and Bryan [68] at Mud Lake, Idaho, where the tank method was used to 
measure transpiration and evaporation from partly submerged tule 
growth. Similar work on pap 3 Tus by the Physical Department of the 
Egyptian Ministry of Public Works in the Sudd region of the upper Nile 
is especially interesting. Fully 50 percent of the water supplied by Lakes 
Victoria, Albert, and Edward and other sources never reaches the main 
stream of the Nile, being consumed in the papyrus swamps of the Sudd 
region, covering over 3,200 square miles. Consumptive use by papyrus 
was measured over a period of years by growing it in a water-tight concrete 
basin 10 meters square and 2 meters deep, closely surrounded by natural 
growth, water in the tank being kept at a constant level submerging the 
roots. ^ It is now planned to by-pass the swamps by detouring the upper 
Nile in canals for a distance of 400 miles. 

» Information by letter from H. E. Hui-st, Director General, Physical Department, Egyp- 

tian Ministry of Public Works, Cairo, Egypt. 
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A notable determination of prospective losses from vegetation in 
backwater areas by tank measurement of consumptive use was that made 
by the California Division of Water Resources in connection with studies 
to determine the feasibility of constructing a barrier across upper San 
Francisco Bay to prevent salt-water encroachment into the delta of the 
Sacramento and San Joaquin Rivers. The total backwater area above 
the lowest proposed barrier embraced 1,140 square miles, of which 1,085 
square miles supported vegetation, 550 square miles cultivated field crops, 
and 195 square miles tules, salt grass, willows, and other natural vegeta- 
tion. Tank measurements were made by the United States Department 
of Agriculture, Division of Agricultural Engineering, under the immediate 
supervision of 0. V. P. Stout, on 14 varieties of local field crops and on 
tule, of which there are large areas [44]. Supplemental studies for the 
salt grass, tule, and willow were made by Lee [38]. The results of these 
investigations were an important factor in preparation of plans for the 
Central Valley project now under construction in Cahfornia causing the 
abandonment of the idea of a salt-water barrier in favor of release of water 
from mountain storage to push back the salt water entering the delta 
from San Francisco Bay. 

In water-conservation work in southern California Blaney [5, 6] has 
measured consumptive use by several varieties of natural vegetation whose 
roots are submerged or are supplied from the capillary fringe. Varieties 
included Bermuda grass, salt grass, tules, willow, and wire rush, and tests 
were also made on bare soil. The water surface in the soil tanks was 
maintained at constant level by use of the Mariotte equipped supply 
tank. 

Field plots . — The direct measurement of consumptive use in field 
plots is generally considered to give more reliable results than tests with 
tanks. The practice has been to use plots of leveled ground, usually less 
than 1 acre in area, in which mesophytic and xerophytic plants are grown 
as in the field or naturally. Water input is derived from precipitation 
and, if necessary, from irrigation in small amounts, not to exceed 5 inches 
in depth in a single appheation. Any runoff or waste is measured at the 
border of the plot. Water input minus outflow is corrected for storage as 
soil moisture in computing consumptive use. An important feature of 
this type of measurement is the location of the plot in an area where the 
water table lies too deep for roots to reach the capillary fringe, thus limiting 
the water supply available to growing vegetation to that applied at -the 
surface. The accuracy of the method depends largely upon the elimina- 
tion of deep percolation. The practice of small and frequent irrigation 
is depended upon to minimize deep percolation, but it is open to doubt 
whether such percolation has always been negligible in amount. Another 
element of uncertainty is the practice of including total precipitation as 
input, whereas, during the summer especially, much of this is lost by 
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soil. Investigators in this field include Widstowe and Harris in Utah 
[20, 81, 82], Snelson in Alberta [67], and Powers in Oregon [56, 57]. 

A modification of the plot method has been developed by Blaney [5] 
in southern California, primarily for the determination of deep percolation 
from winter rainfall but including consumptive use as an essential element. 
Extensive measurements were made during 1927 to 1930 upon native 
brush consisting chiefly of chamisal, sage, wild olive, and native grass 
followed by weeds. Systematic measurements of soil moisture were 
made at each field plot, with an improved soil tube -[77]. Soil samples 
were taken in 1-foot sections to depths of 12 to 18 feet, reaching well 
below the principal root zone. Sampling was done in the fall before the 
winter rains commenced, at intervals during the rainy season, and finally 
at the end of the growing season. A rain gage and runoff plot were 
installed with each soil-moisture plot. From the data thus obtained 
volumetric calculations were made of consumptive use and of rainfall 
penetrating beyond the root zone. By this procedure all uncertainty 
regarding deep percolation is eliminated from the field-plot method. 

Irrigated farms . — The farm represents the next larger unit employed 
in the measurement of consumptive use. The crops include one or more 
varieties of garden, field, or orchard crops. The methods are the same as 
for field plots, but the results are more open to question because less 
attention has been given to the possibility of unmeasured loss by deep 
percolation. Significant work has been done by Bark [2] and Lewis [40] 
in Idaho, Hemphill [21] in Colorado, and Israelson and Winsor [28] in 
Utah. The results obtained from farm plots are of more value as a record 
of irrigation-water use than of consumptive use. 

Irrigation projects . — Under this heading project areas irrigated from 
complete canal systems are considered the units. Lands are classified as 
to crop, natural vegetation, or moist bare soil, and the area of each is 
determined. During the irrigation season measurements are made • of 
inflow into the project area as canal diversions from streams and precipita- 
tion. Measurements are also made of outflow as surface waste and runoff, 
evaporation from bare land, transpiration from natural vegetation, and 
deep percolation appearing in natural or artificial channels at the project 
boundary. Consumptive use is computed as water inflow minus outflow 
corrected for storage as soil moisture and ground water. Possible sources 
of error are inadequate determination of changes in soil moisture, time 
lag in the appearance of percolating water in surface streams, and lack of 
knowledge of ground-water inflow and outflow. In general, the project 
area is not a natural hydrologic unit, and the irrigation season is not a 
complete climatic cycle. As a consequence, the measurement of project 
consumptive use is seldom as satisfactory as that of valley consumptive 
use. Work in this field has been done by Steward [71] in Boise Valley, 
Idaho, and by Crandall [10] in the Snake River Valley, Idaho. 
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Alluvium-filled valleys . — Valleys filled with alluvium constitute the 
largest unit for the volumetric measurement of consumptive use. The 
container is the bedrock basin that underlies and surrounds the valley. 
These basins are of two general types— (1) the “closed basin,” in which the 
alluvial fill is for practical purposes completely enclosed by impermeable 
bedrock bottom and sides continuous with the surrounding hills or moun- 
tains; (2) the “open basin,” in which the bedrock is leaky or the alluvial 
fill has one or more areas of direct contact with similar formations outside 
of the valley that are sufficiently permeable to transmit ground water. 
The open-basin type presents difficulties of measurement that are in some 
valleys insurmountable, but most alluvium-filled valleys can be utilized 
for a reasonably accurate determination of consumptive use by either the 
volumetric or some other method. 

Valley consumptive use is computed as the difference between valley 
inflow, consisting of flow of streams entering the valley, both surface and 
subsurface, plus precipitation upon the surface, and valley outflow in 
surface streams or underflow, with appropriate adjustments for changes in 
the storage of water underground as soil moisture and water of saturation. 

Investigators have approached the problem with two differing back- 
grounds and purposes. First, the irrigation or drainage engineer seeks to 
determine consumptive use as a basis for project planning or for maximum 
economic utilization of the visible supply; second, the ground- water 
hydrologist endeavors to ascertain the permanent quantitative ground- 
water yield of the entire basin, of which one element is the consumptive 
use. For reliable results the method used requires an analysis of all 
elements of inflow and outflow, both surface and subsurface, as well as 
ground storage. Gross error in the final results can easily arise by the 
omission of hidden elements whose importance is not fully reahzed, or by 
the omission of measurements for which funds are not available. In 
general the most reliable result is obtained where the approach is the 
broadest and all elements are considered with attention given to the 
technical aspects of ground-water hydrology, geology, botany, and water 
chemistry, as well as irrigation practice and hydrography. The climatic 
year is the most desirable unit of time, and a minimum period of 3 years 
should be allowed for observation. More reliable results are obtainable 
for a valley in which, irrigation has been practiced for many years and 
ground-water conditions have become stabilized than for a newly irrigated 
valley where groxmd storage is still accumulating. 

Published reports were made by Parshall [19] on the lower South 
Platte Valley, Colo.; Hemphill [21] on the Cache la Poudre Valley, Colo.; 
Ullrich [74] on the Sevier Valley, Utah; Harding [17] on the Truckee River 
Valley, Nev., and Parker [53] on eastern Washington. Investigators 
interested in ground-water supply who have volumetrically determined 
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valley consumptive use as one of the involved elements have been Lee in 
Owens Valley [19, 34, 35] and San Luis Rey Valley [19], Conkling in San 
Gabriel Valley [19]; and Troxell in Santa Ana River Valley [6], all in 
California. 

Most of the early investigations of valley consumptive use by the 
volumetric method are represented by unpublished reports. Among the 
more active workers were R. 1. Meeker and R. J. Tipton, engineers for 
the State of Colorado; Charles R. Hedke, R. J. Hosea, Herbert W. Yeo, 
and R. F. Black, engineers for the State of New Mexico; and E. B. Debler, 
Harold Conkling, and C. C. Elder, engineers of the United States Bureau 
of Reclamation [84, 19]. 

Canyon stream c^nneZ.— Throughout the Southwest the principal 
sources of surface-water supply are streams from mountain canyons 
tributary to the main valleys. These streams, after gathering from upper 
tributaries, flow through long stretches of canyon between precipitous 
rocky slopes where the channel is lined with vigorously growing native 
vegetation. Large losses occur by evaporation and transpiration from 
such channels. The native vegetation consists largely of water-loving 
trees, such as alder, willow, and sycamore, and also grasses, tule, etc. 
Determination of consumptive use by the volumetric method is possible 
in many canyons by selecting bedrock control stations and measuring 
inflow and outflow for the section of channel between the controls. Blaney 
[5, 6] has made such determinations in Temescal and Coldwater Canyons, 
in southern California. The results of such observations are useful in 
planning for maximum utilization of the available water supply. 

Lysimeter 

In the lysimeter method of measuring consumptive use, the water 
absorbed from rain or irrigation upon the surface exposed under field 
conditions percolates downward through an enclosed soil column. The 
equipment usually consists of an open cylinder with impervious sides and 
pervious bottom filled with soil and buried so that the top is flush with 
the surrounding ground surface. Water passing through the soil column 
is collected at the bottom and conducted through a small tube to a measur- 
ing gage in an adjacent pit. Consumptive use is computed as the differ- 
ence between water absorbed at the surface and measured at the bottom. 

Losses by plant transpiration and soil evaporation can be measured 
by the lysimeter with the same accuracy as by the volumetric tank 
method, if all precautions found necessary in that method are taken. In 
addition, uniform distribution of the downward-per-colating water through- 
out the soil column should be insured. The soil column should also be of 
sufficient length for the zone of capillary storage to be below the reach of 
plant roots. The necessity for this precaution lies in the tendency for 
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capillary storage to accumulate in the lower portion of a soil column in the 
absence of a water table, owing to surface tension at the bottom of the 
column. 

The lysimeter method was employed by Bark [2] in connection with 
experimental work in Idaho on the duty of water in irrigation. To prevent 
percolation between the soil and the inside of the cylinder Bark painted 
bands of hot asphalt around the inside just prior to filling. The 
method has also been employed by several European investigators [75] 
for the purpose of measuring infiltration. Although this method has 
possibilities for’ the measurement of evaporation from bare soil, it has not 
been found satisfactory for measuring infiltration. 

Water-table fluctuation 

Diurnal fluctuations . — It was first demonstrated by Smith [80] in San 
Pedro Valley, Ariz., that the daily decline in the water table was due to 
withdrawal of ground water by trees from the capillary fringe and zone of 
saturation. His observations were made from 1916 to 1922 by means of 
continuous graphs of water-level fluctuations in shallow wells adjacent to 
cottonwood and mesquite trees. In 1925 and 1926 White [80] made an 
intensive investigation of the subject in Escalante Valley, Utah, obtaining 
continuous automatic records of shallow water-level fluctuation in wells 
located in fields of subirrigated crops and natural vegetation. Separate 
tests were made on alfalfa, salt grass, greasewood, rabbit brush, pickle- 
weed, willows, meadow grasses, and sagebrush. Special tests were also 
made on cleared fields, on cropped fields before and after cutting plants, 
and during rainstorms. This work proved conclusively that diurnal 
fluctuations of the water table can be caused by growing vegetation draw- 
ing its supply from shallow ground water and suggested a new method for 
determination of consumptive use. White, after analysis of daily graphs 
and study of results from simultaneous tank experiments with the same 
plant varieties, developed the formula 

q = y(24r -f- s) 

in which q = depth of water withdrawn from ground water by plant 
transpiration and soil evaporation during a 24-hour 
period, in inches 

y = specific yield of the soil in which the daily fluctuation of the 
water table occurs, 

r = hourly-rate, of rise of th6 water table, in inches, from mid- 
night to 4 A.M. when there is no discharge from the zone of 
saturation. 

s =■ net fall or rise of the water table during the 24-hour period, 
in inches. 
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The terms r and s can be readily determined from automatic daily 
records of water-table fluctuations in wells within the area covered by 
each plant variety (Fig. VIII-5). Te.sts of specific yield involve extended 
measurements on isolated columns of undisturbed soil showing the rise or 
fall of w'ater level with addition or withdrawal of measured quantities of 
water. Such tests should be made for distinctive types of soil within the 
area of observed water-table fluctuation. Consumptive use for long 
periods of time such as the growing season are obtained by summation of 
amounts for each day. 

The method has application in areas of shallow water table where 
vegetation depends entirely upon ground water. In some areas it might 

I— _,Qgg. 1 be applied at less cost than other 

SEPT 3 I SEPT 4 ~sE PT 5 I SEPT 6 ' s£PT 7 yolumetric methods. Its greatest 

value is in areas where inflow and 

^ outflow are at scattered or inacces- 

/ / sible points and not susceptible of 

/ / / accurate measurement. 

I / / Seasonal fluctuations. — In re- 

/w / s I gions where the average annual 

w / / / rainfall is less than 10 inches and 

' i/l A occurs during the winter very little 

/I / 1 , water is available to growing plant 

\ -l-'i \ . Is \ / life from direct precipitation. 

\/? \/^\ / Under such conditions surface 

j ^ \ / supply from canals and ground- 

XL — L ” “ "-W-jJ... water supply from wells must be 

1 1 ' ' ' depended upon for irrigation. For 

in salt-grass meadow, Escalante Valley, Utah, rGglOIlS of thlS cllQ^raiCtcr, WJlGrG 

September 4-6, 1926. irrigation is well established and 

where topography and subsurface formations are uniform and slopes 
moderate to flat, Harding [18] has developed a method for computing 
consumptive use, utilizing seasonal fluctuations of the water table. 

The method is based on the fact that for a complete climatic cycle the 
balance between the annual supply to the area by surface and under- 
ground flow from higher levels and depletion of the supply by draft, 
waste, and subsurface-flow to lower levels is reflected in the rise or fall of 
the water table within the area. When the elements of supply exceed 
those of depletion, an accumulation of ground water will occur, with rise 
in the water table. Conversely, when depletion exceeds supply the water 
table will drop. For equality of supply and depletion there will be no 
change in water level. In practical application of the method, Harding 
selects unit areas embracing one or more canal systems, in order to sim- 
plify the assembling of data. 
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The essence of the method is a 
simple graph, the vertical axis of 
which represents the annual 
change, in feet, of average ground- 
water level within the area, and the 
horizontal axis represents annual 
inflow, in feet of depth per net acre 
irrigated (Fig. VII 1-6). Experi- 
ence in applying the method to 
areas in the upper San Joaquin 
Valley, Calif., where records are 
available covering several years 
with both ample and short supply, 
indicates a straight-line relation 
among the plotted points. The 
point at which this line crosses the 
line of zero change in water level is 
assumed to represent consumptive 
use fqr the area. For validity, this 
assumption requires the following 
conditions ; 

1. No appreciable ground-water incre- 
ment from rainfall within the area. 

2. Substantial equality or inappreciable 
amount of underground inflow and outflow 
for the area. 

3. Substantial equality throughout the 
area of average specific yield at different 
levels within the range of fluctuation of the 
water level. 

4. Adequate supply of water for crop 
uses every year either from canal or from 
pumped sources. 

Consumptive use per acre 
irrigated as determined by this 
method includes water consumed 
on nonirrigated land as transpira- 
tion from natural vegetation and 
evaporation from bare moist soil. 
It is greater than if computed upon 
the gross area served by the canal. 
Results for different canal systems 
are thus not strictly comparable, if 
the percentages of waste land differ 
greatly. Analyses made for the 
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Fig. VIII-6. — Relation of inflow to change 
in level of ground water in vicinity of Fresno 
Calif. 
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period 1921-29 in several areas in the upper San Joaquin Valley have 
disclosed consistent variations in the annual fluctuations of water table 
with the surface-water supply and indicate that the method is generally 
applicable to conditions existing in these areas [30]. The method is 
probably capable of application in other areas where conditions are similar 
and should be especially useful in valleys that are too large to' treat as units 
for application of the volumetric method. 

Available heat 

A method of computation developed by Hedke [19] utilizes the rela- 
tion of consumptive use of water to the number of heat units available to 
crops during the growing season. This method is based upon the partly 
substantiated fact that under favorable agricultural conditions the use 
of water by growing crops is directly proportional to the use of available 
heat. The application of this method to a valley in which agriculture is 
of a high standard necessitates the following assumptions as stated by the 
Duty of Water Committee, American Society of Civil Engineers [19] : 

1. That the heat consumed by a particular crop during any day or other time period is 
determined by the amount of heat available to the crop above the germinating or minimum 
growing temperature. 

2. That under favorable agricultural practices each crop consumes water in direct relation 
to the heat available as defined. 

3. That the soils considered are abundantly supplied with moisture and plant food, so 
that the yield of a crop will be limited only by the amount of heat available. 

4. That the influence of variations in wind velocity relative humidity, and vapor pressure 
on consumptive use of water are relatively small compared to the influence of available heat. 

With these assumptions fulfilled 


U = KQ 


in which U = valley consumptive use. 

K = the Hedke coefiicient. 

Q = quantity of available heat, in day degrees. 

Q is determined for any valley by subtracting the minimum growing tem- 
perature for each crop from the mean temi>erature for each month or por- 
tion of a month, multiplying the result by the number of days in the 
month or period, and adding the results for all months in the growing 
season. To find the total available heat units for a project or valley the 
total available for each crop is multiplied by the percentage of the crop 
area to the total, and the sum of the products is taken. The following 
minimum growing temperatures were assumed by the Bureau of Agri- 
cultural Engineering in its studies using this method in Mesilla Valley, 
N. M. [84] : Alfalfa 33° F., cotton 48° forage 44°, fruits 46°, grains 44°, 
pasture 38°, vegetables 40°, miscellaneous 38°. 
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The evaluation of the coefficient K involves complications due to 
differing standards of agricultural practice in different valleys. As deter- 
mined by Hedke for Cache la Poudre Valley, Colo., where there is a rela- 
tively high standard of agriculture, K = 0.000423. For valleys with a 
lower standard the coefficient would be less. It would also differ in valleys 
with differing areal percentages of native vegetation or bare moist soil, 
depending upon whether it was computed for consumptive use in the entire 
valley per irrigated acre or for crop consumptive use per acre. Thus the 
Bureau of Agricultural Engineering in evaluating K for Mesilla Valley 
found 0.00073 for valley consumptive use per irrigated acre' and 0.00044 
for crop consumptive use per cropped acre. The determination of K, 
therefore, involves considerable judgment on the part of the engineer. 

The available-heat method will require much research before it can 
be applied with the accuracy and reliability of the volumetric method or 
that based on water-table fluctuation. Its best field of application would 
appear to be in valleys with high standard of agriculture and small per- 
centage of wet waste land. 


Quantitative data 
AvailabiUty 

The mass of quantitative data on consumptive use which has become 
available during the last 25 years far exceeds that on pure transpiration. 
Careful but far from exhaustive review of published literature has yielded 
the data compiled in table 6, with classification by method and 
plant variety. Within certain limitations these data are directly appli- 
cable to hydrologic uses and constitute a valuable aid to the hydrologist 
and hydraulic engineer. 


Results 

Examination of table 6 reveals a general similarity in results for 
similar types of vegetation, regardless of the method of measurement. 
The plant varieties that are greatest consumers of water are shown to be 
hydrophytes, such as tule, cattail, and papyrus, and phreatophytes, such 
as willow, cottonwood, alder, and sycamore trees, all of which use more 
than 4 feet a year. Tule and cattail are the greatest consumers, tank 
measurement with natural exposures indicating 5 to 8 feet a year. Rec- 
ords from tanks with abnormal exposures give 16.5 to 22.6 feet a year, but 
these figures are obviously far in excess of field losses. 

The group next in order includes phreatophytic grasses such as salt 
grass, bermuda grass, native hay and meadow grasses, and in some locali- 
ties alfalfa, growing imder conditions of shallow water table and warm 
summers, for which annual losses range from 3.0 to 4.0 feet. 
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Exclusive of the method of measurement by farm plots, for which 
the consumptive use may include an item of deep percolation, alfalfa and 
native hay and grass follow next, with annual losses ranging from 2.0 to 
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Fig. VIII-7, — Relation of annual precipitation to total evaporation (precipitation minus 


3.0 feet. Below this come general field crops, orchards, and vineyards, 
which consume annually between 2.5 and 1.5 feet, except in the delta of 
the Sacramento and San Joaquin Rivers, where results ranging from 2.0 
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to 3.0 feet a year were obtained by the tank method. It is possible that 
the last-mentioned figures are a little high, owing to unnatural exposure 
of the tanks. 



runoff) , by 10-year averaces, for typical stream drainage basins in the United States. 


Varieties with annual losses of 1.5 feet or less include (a) salt grass 
where the depth to water table is greater than 3 to 5 feet; (6) field crops, 
native hay, and meadow grasses in cold regions with a short growing 
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season; and (c) native grasses and brush growing in well-drained soil in 
arid and semiarid regions. 

The figures given above appear reasonable as applying to the different 
plant groups, and it is believed that they are broadly representative of 
actual conditions. 

TOTAL EVAPORATION 
Definition 

Total evaporation is the sum of water lost from a given land area 
during any specific time by transpiration from vegetation and building of 
plant tissue; by evaporation from water surfaces, moist soil, and snow; 
and by interception. The term is applied primarily to stream drainage 
basins for the period of the annual climatic cycle or subdivision of that 
period. Total evaporation is essentially precipitation upon the drainage 
basin minus runoff, corrected for change in storage volume within the 
basin and for subsurface leakage. It has been variously termed ‘ ‘ evapora- 
tion,” “evaporation from land areas,” “evapo-transpiration,” “total 
loss,” “water losses,” and “fly-off.” 

Controlling factors 

All elements in total evaporation from a given area are basically con- 
trolled by the evaporativity of the part of the atmosphere in contact with 
the surface — that is, by the potential rate of atmospheric evaporation 
from a free surface of fresh water. 

Evaporativity of the atmosphere over any portion of the earth’s sur- 
face during any given period of time fixes a maximum limit for total 
evaporation. It also broadly controls seasonal and annual variations in 
total evaporation and thus relates total evaporation to the same climatic 
factors that control evaporation from a free water surface. Total evapo- 
ration during any period of time, however, is limited in amount by the 
opportunity for evaporation afforded by the particular area. Evaporation 
opportunity varies with the aerial extent of water, snow, or growing vege- 
tation on the ground surface and with the degree of soil moisture below 
the surface. In semiarid and arid regions the precipitation in certain 
years may be insufficient to supply the needs of vegetation. Under such 
conditions the annual precipitation is the limit of total evaporation, 
except where irrigation is practiced. 

Specifically, for transpiration, the factors that control evaporation 
opportunity are (1) the annual amount and monthly distribution of pre- 
cipitation; (2) the texture and depth of the soil as it influences infiltration 
and retention of water from precipitation; (3) the area within which the 
water table or permanent bodies of surface water are within reach of plant 
roots; and (4) the area, character, and type of growing vegetation. 
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Opportunity for evaporation from water depends upon the exposed 
area of permanent water bodies, such as streams, lakes and swamps, and 
that for evaporation from snow depends upon the area and permanence 
of snow upon the ground. 

Opportunity for evaporation from soil depends upon (1) storm fre- 
quency and seasonal distribution, (2) rainfall intensity, (3) soil texture, 
depth, and drainage facilities, (4) the area and character of soil cover that 
affords protection from evaporation, such as growing vegetation or humus, 
(5) the extent to which the soil is frozen, and (6) the slope of the ground 
surface. 

Evaporation opportunity for interception depends upon (1) storm 
frequency and seasonal distribution, (2) the area and character of vegeta- 
tion, and (3) the occurrence of forest litter. 

A recognized characteristic of total evaporation is its constancy in 
amount during long periods of time and its relatively narrow range of 
fluctuations from year to year in comparison with precipitation and 
run-off [59]. This is illustrated by data covering many years for typical 
catchment basins, as assembled in Figure VIII-7. The reason for this 
characteristic is apparent in the stability of the factors that control it. 
Evaporativity is the basic factor and changes little from year to year, 
largely because of the small fluctuation in annual air temperature over any 
particular area. Another factor is the relatively constant demand for 
water by growing vegetation. The factors that control evaporation 
opportunity are also constant, or at least subject to very slow change, the 
only exceptions being precipitation and the frequency and duration of 
storms. Even storms are minor factors where precipitation is sufficient 
for the needs of vegetation and occurs principally during the winter, when 
evaporativity is low. 

The constancy of total evaporation has an important bearing upon the 
relation between precipitation and runoff, for it makes runoff the residual 
of precipitation, after deduction of water losses. This fact has been 
recognized by hydraulic engineers for many years and has been utilized 
in computations of water supply available from stream flow [15, 27, 37, 59]. 
Much information is at hand in engineering literature as a basis for the 
quantitative determination of total evaporation by difference. The 
essential relation for such determinations for a given drainage basin and 
period of time is the equation E = P — R + S — L, m which E = total 
evaporation, P = precipitation, R — runoff, S = storage correction, and 
L = leakage from the basin, all expressed in inches of depth upon the area 
of the drainage basin. 

Methods of measubembnt 

The essential quantitative elements in determining total evaporation 
for the annual climatic cycle are mean annual precipitation upon the 
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drainage basin and run-off from it. Over-year storage accumulation or 
depletion may be large in any one year but is ordinarily equalized over a 
period of 3 to 5 years. Leakage from the basin is generally inappreciable, 
exceptions occurring where the bedrock is composed of permeable sand- 
stone or soluble limestone or gypsum. 

Precipitation is easily measured, and numerous records, many of 
which cover long periods, are available except for inaccessible mountain 
areas. The mean annual precipitation for a given area is computed most 
accurately by preparation of an isohyetal map and more approximately 
by the "weighted method” [24]. For large stream drainage basins, it is 
desirable to determine mean precipitation for the principal tributaries as 
well as for the basin as a whole. 

The ideal method of determining runoff consists of systematic meas- 
urement of stream discharge for a period of years. This is now being done 
on an increasing scale by both public and private agencies, but because of 
the far-reaching ramification of stream systems it is and probably always 
will be economically impossible to measure the runoff from all basins the 
use of whose yield may be contemplated. For this reason various methods 
have been devised for determining runoff from precipitation where no 
measurements of stream flow are available. Several of these are included 
among the methods described below for determining total evaporation. 

By formula 

Various attempts have been made to develop a formula for computing 
runoff from rainfall. These attempts have assumed either that total 
evaporation is more or less constant, having minor variations with tem- 
perature [Vermeule, 59], or that total evaporation is proportional to rain- 
fall [Justin, 31]. As pointed out by Rafter [59], however, stream runoff is 
the product of many complex factors, and each stream is a law unto itself. 
Although an empirical formula may be devised that will appear to give 
fairly close results for a certain period of years on a group of local streams, 
no formula can be devised that can be generally applied to basins in 
precipitation years of all types. 

Rainfall percentage 

One method assumes that the percentage of runoff to rainfall as 
determined from gagings in one area can be applied to other drainage areas 
with similar physical and meteorologic conditions. Its weaknesses lie in 
the facts, (1) that few drainage basins are exactly similar, and (2) that 
runoff is not proportional to rainfall but is' a residue from rainfall after 
deduction of losses. In regions where in certain years rainfall may be 
insufficient for the needs of transpiration absurd results may be obtained 
by this method. The use of data on either runoff or total evaporation as 
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obtained by percentage is hazardous unless full information regarding the 
drainage basin is available. 


Ratioyial method 

Meyer [49] has developed a rational method of' determining total 
evaporation from a drainage basin by computing separately the various 
losses from the basin by evaporation, transpiration, and leakage. This 
method involves detailed knowledge of climatic conditions and physical 
characteristics of the drainage basin, as well as of controlling factors and 
local rates of evaporation from water, snow, soil, of transpiration, and of 
interception. It is laborious in application and of necessity must contain 
many assumptions. It is applicable only by a trained and experienced 
hydrologist. For these reasons it has not been extensively used. 

Graphic method 

. The graphic method of determining runoff from precipitation has often 
been used, the amounts in inches of depth for the catchment area for a 
given period being plotted as ordinates and abscissas upon standard 
coordinate paper, and a curve being drawn to represent the average rela- 
tion of runoff to precipitation [59]. The characteristics of the runoff curve 
and some of its typical forms with differing relative amounts of precipita- 
tion and total evaporation have been pointed out both by Grunsky [15] 
and by Lee [37]. To illustrate these characteristics, typical runoff curves 
for widely differing basins and precipitation conditions are assembled in 
Figure VIII-8. Examination of these curves shows them to be of three 
types, which may be described as follows : 

1. Annual precipitation small (less than 30 inches) with reference to 
total evaporation. This type is illustrated by the Sweetwater Eiver, 
Calif., and the Red River, Minn. For this condition a minimum annual 
precipitation of 10 to 15 inches is required for priming the basin before 
runoff occurs, except with unusual conditions such as frozen ground or high 
intensity of rain. For precipitation exceeding the minimum the percent- 
age of runoff increases more rapidly than that of precipitation. The 
typical runoff curve for this condition conomences from zero at the mini- 
mum precipitation and rises with sharp curvature. If the range in annual 
precipitation is great enough, the curve may ultimately approach a straight 
line of one of the two types described below. This type of curve is typical 
of coastal streams in the Pacific coast region south of San Francisco, in 
southern California, at lower levels in the Great Basin, and in the Missis- 
sippi Valley west of the 95th meridian. 

2. Annual precipitation large (more than 30 inches) with reference to 
total evaporation, and a considerable portion occurring during the sunomer. 
This type is illustrated by the Merrimac River, Mass.; the Mississippi 
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River above Keokuk, Iowa; the James River, Va., the Tennessee 
River; the Chattahoochee River, Ga. ; a,nd the Neosho River, Kans. For 
this condition the relation between precipitation and runoff is represented 
by a straight line whose slope is slightly flatter than that of the line of 
100 percent runoff. The vertical intervals between the two lines represent 
total evaporation for the respective amounts of precipitation. For the 
streams studied the differences in slope are similar and represent 0.15 inch 


PRECIPITATION, IN ^INCHES 



Fig. VIII-8. — Relation of precipitation and runoff for typical stream drainage basins in the 
United States. Data from U. S. Geol. Survey water-supply papers and from Lee O. Murphy 
Chief Hydrographer, Pacific Gas and Electric Company, 


of increased evaporation per inch of greater precipitation. For a maxi- 
mum variation from a normal precipitation of 15 to 25 inches, which is 
characteristic of the areas represented by these streams [83], the corre- 
sponding annual variation from mean total evaporation is from 2.25 to 
3.75 inches. Runoff curves of this kind are typical of the United States 
east of the 95th meridian and at higher levels in the Rocky Mountain and 
Great Basin regions. 

3. iinnual precipitation large (exceeding 30 inches) with reference to 
total evaporation and occurring principally dming the winter. This type 
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is illustrated by the South Fork of Yuba River, Calif. For this condition 
the relation between precipitation and runoff is a straight line parallel to 
the line of 100 percent runoff, the vertical interval between the two lines 
representing average total evaporation. This type is characteristic of 
Pacific slope streams north of San Francisco and the mountain basins of 
the Cascade Range and Sierra Nevada. 

The graphic method affords a simple and effective means for study of 
total evaporation. A frequent weakness is the wide spread in plotted 
points that is caused by variations in influencing factors other than 
precipitation, such as temperature and storage within the drainage bafein. 
The effect of storage can be largely overcome, however, by plotting aver- 
ages for periods of 3 to 5 years so as to iron out the annual inequalities. 

Differences between precipitation and runoff 

Another method of determining total evaporation during an annual 
climatic cycle is based upon the use of measurements of precipitation and 
runoff for a given drainage basin. Total evaporation is computed as 
average precipitation over the area minus measured runoff. Corrections 
are necessary under certain conditions, as follows: 

1. Precipitation on certain basins in occasional years may be less than 
normal plant requirements plus evaporation and interception losses. 
Predominant vegetational types in such catchment areas are usually 
tolerant, and plants will adjust themselves to moisture deficiency, with 
losses by death limited to minor varieties of perennials. Normal total 
evaporation can be approximately determined from years of greatest 
precipitation if the runoff curve, by measuring the intercept between the 
extreme upper end of the curve and the 100 percent runoff line, approaches 
a straight line in its upper portion. Otherwise total evaporation can be 
determined only as a statistical average, subject to wide variations for 
short periods of years. 

2. Leakage may occur from the catchment basin. Examination of 
geologic formations may disclose the specific areas or points of leakage. 
The amount of leakage from runoff can then be determined by stream-flow 
measurements above and below the leaky formation. Annual losses of 
2.7 and 3.7 inches into limestone have been reported by Foster [14] for 
Wisconsin streams. In certain streams tributary to Pecos Valley, 
N. Mex., from the west, local strata of gypsum exposed in stream channels 
absorb large percentages of the runoff. In other localities complete dis- 
appearance of streams into limestone formations has been observed. 

3. Storage regulation may occur either in lakes or reservoirs or as 
snow, soil moisture, or ground water. Correction can be made for 
individual years where volumetric measurement is possible, as in lake, reser- 
voir, or snow storage. Under some conditions soil moisture and ground- 
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water accretion and depletion are capable of measurement. Otherwise the 
effects of storage can be eliminated by use of 3 to 5 year averages, the 
length of period depending upon the magnitude of storage and the rapidity 
of adjustment. 

The recent availability of maps showing lines of equal mean annual 
precipitation and runoff for the whole of the United States [83] have made 
it possible to prepare a map showing by contours distribution of annual 



Fig. Vin-9, — Map showing the distribution of annual water losses in the United States, in inchea 

of depth. 


water losses in inches of depth over areas larger than stream drainage 
basins. Kittredge [33] made the first comprehensive attempt to prepare 
such a map and his map is reproduced herewith by permission as Figure 
Vni-9. Study of this map is very illuminating, and as future editions 
are prepared, using more accurate base maps of precipitation and runoff, 
they will assume a place of great value in hydrologic practice.^ In England 
and Sweden, for example, it has been found possible to determine annual 
runoff very closely by subtracting a constant value for water losses. It 
may be possible to extend this procedure to other regions and to shorter 
time periods. 

‘Since writing the above, U.S.G.S. Water Supply Paper 846 has been published con- 
taining a more detailed map of mean annual water loss for the United States and also a 
suggestive graphical comparison of mean annual water loss and mean annual temperature. 




TRANSPIRATION AND TOTAL EVAPORATION 


321 


Table 7. — Water losses from stream drainage basins 


Stream 

Locality 

Drainage 

area 

square 

miles 

Period of 
observa- 
tion 

Average 

annual 

precipi- 

tation 

(inches) 

Average 

annual 

runoff 

(inches) 

1 Precipi- 
j tation 

1 minus 
j runoff 
j (inches) 

Author 

ity^ 

Kennebec River . . , 

Waterville, Maine 

4,270 

1893-1905 

39 6 

23 7 

15 9 

26 

Cobbosseecontee River 

Gardiner, Maine 

240 

1891-1905 

42 2 

17 4 

24 8 

26 

Sudbury River 

Massachusetts 

75 

1875-1932 

44.3 

21.2 

23 1 

61 

Wachusett River, 

Massachusetts 

109 

1897-1932 

45 0 

23.7 

21 2 

61 

Merrimac River . . 

Lawrence, Mass. 

4,461 

1880-1934 

41.6 

20.1 

21 5 

27 

Lake Cochituate 

Cochituate, Mass. 

18 9 

1863-1900 

47.1 

20.3 

26.8 

59 

Mystic Lake 

Boston, Mass. 

26 9 

1878-95 

44.1 

20 0 

24 1 

59 

Abbott Run 

Rhode Island 

27 

1908-32 

42.9 

21.1 

21.8 

61 

Nepaug River. . 

Hartford, Conn. 

32 

1929-35 

42.4 

17 3 

25 1 

62 

Pomperaug River 

Bennetts Bridge, Conn. 

89 

1914-16 

44 5 

19.5* 

23 2 

48 

Hudson River 

Mechanicville, N. Y. 

4,500 

1888-1901 

44.2 

23 3 

20.9 

59 

Croton River 

Croton Dam, N. Y. 

375 

1868-1932 

47 7 

23 4 

24 4 

61 

Delavr'are River . . . 

Port Jervis, N. Y. 

3,070 

1902-1930 

42 8 

25 9 

16 9 

29 

Delaware River 

Trenton, N. J, 

6,800 

1397-1930 

44.7 

24 9 

19 8 

29 

Neshaminy Creek 

Forks, Pa. 

139 

1884-99 

47 6 

23. 1 

24 5 

59 

Perkiomen Creek . 

Frederick, Pa. 

152 

1884-99 

48 0 

23 6 

24 4 

59 

Tohickon Creek , . . 

Point Pleasant, Pa. 

102 

1888-1911 

48 9 

26 1 

22.8 

49 

Susquehanna River 

Harrisburg, Pa. 

28,030 

1891-1905 

39 4 

21 1 

18.3 

26 

Potomac River 

Point of Rocks, Md. 

9,650 

1895-1905 

36.8 

14 2 

22 6 

26 

James Rivei . . 

Cartersville, Va. 

6,240 

1899-1934 

40 8 

15.6 

25.2 

27 

Do.... 

Buchanan, Va. 

2,060 

1895-1905 

41 2 

16 9 

24 3 

26 

Roanoke River 

Roanoke, Va. 

390 

189/ -1905 

42 7 

17 7 

25.0 

26 

Shenandoah River . 

Millville, W. Va. 

3,000 

1895-1905 

38 3 

13 6 

24 7 

26 

Ohio River 

Wheeling, W. Va. 

23,820 

1884-1905 

41.7 

22.7 

19.0 

26 

Miami River 

Dayton, Ohio 

2.525 

' 25 yrs. 

37 1 

11 9 

25.2 

25 

Muskingum River ... 

Dresden, Ohio 

5,828 

11888-95 

39 7 

13 1 

26.6 

59 

Tennessee River 

Chattanooga, Tenn. 

21,400 

1881-1934 

50 3 

24 2 

26.1 

27 

Chattahoochee Riv'er. . 

West Point, Ga. 

3,550 

1896-1934 

54.6 

22.3 

32.3 

27 

Tombigbee River 

Columbus. Miss. 

4,440 

1901-9 

49.2 

17 1 

32.1 

49 

Rock River 

Rockton, 111. 

6,290 

1904-8 

33 9 

10 0 

23.9 

49 

Wisconsin River. . . . 

Rhinelander, Wis, 

1,110 

1909-14 

29.6 

15 1 

14.5 

49 

Mississippi River 

Minneapolis, Minn. 

19,500 

1897-1913 

27.3 

5.3 

22.0 

49 

Little Fork River 

Little Fork, Minn. 

1,720 

1909-13 

23.9 

5.1 

18 8 

49 

Root River 

Houston, Minn. 

1,560 

1908-18 

31-.4 

5.2 

26 4 

49 

Ottertail River 

Fergus Falls, Minn. 

1,310 

1908-13 

23.0 

2.6 

20.4 

49 

St. Croix River 

St, Croix Falls, Minn. 

5,930 

1902-12 

30.0 

9 6 

20 4 

49 

Red River 

Grand Forks, N. Dak. 

25,500 

1882-1934 

20.9 

1 2 

19.7 

. 27 

Mississippi River 

Keokuk, Iowa 

119,000 

1878-1934 

29.5 

7.0 

22.0 

27 

Ralston Creek 

Iowa City, Iowa 

3 

1925-35 

33.1 

6 8 

26.3 

45 

Drainage basin A 

Wagonwheel Gap, Colo. 

.35* 

1911-26 

21.1 

6.1 

15.0 

4 

Drainage basin B 

Do. 

.31*^ 

1911-26 

21.0 

6.7 

14.3 

4 

Colorado River 

South Fork of Coquille 

Austin, Tex. 

37,000 

1900-9 

26.9 

.7 

26.2 

49 

River. 

Powers, Oreg. 

368 

1917-26 

96.0 

63.5 

32.5 

37 

Rogue River • 

Raygold, Oreg. 

2,020 

1906-28 

43.6 

22.6 

21 .0 

37 

Pilarcitos and San Andreas 
Creeks. 

San Andreas Reservoir, 
CaHf. 

12* 

1869-1903 

45.0 

18.0 

27.0 

15 

South Fork of Yuba River. 

Lake Spaulding, Calif.* 

123.5* 

1907-39 

60.60 

47.4 

13.2 

/ 


« Corrected for ground-water storage. 

* See Bibliography, pp. S27-3S0. 

‘ Mean altitude 11,200 feet; vegetation fir. 

Mean altitude 11,200 feet; vegetation pine, spruce, and grass; deforested in 1918 and grew up to poplars. 
« Altitude 4,500 to 7,500 f^et. 

/ Data furnished by Pacific Gas & Electric Co. 
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Quantitative data 
Availability 

The principal sources of quantitative data for total evaporation are 
the reports and published writings of hydraulic engineers interested in 
runoff as a source of developed water supply. Search of engineering 
literature has yielded information for 47 drainage basins well distributed 
throughout the United States and ranging in size from 3 to 119,000 square 
miles (table 7). Although the data as compiled represent precipita- 
tion minus runoff, it is believed that the records are sufficiently long to 
eliminate errors due to over-year storage. The Pomperaug River, in 
Connecticut, is an exception, but the results on this stream were here 
corrected for ground storage. The data in table 7 have been compared 
with those in Figure VIII-9 and found to be in essential agreement. Taken 
together, this table and map present a broad picture of total evaporation 
throughout the United States. 

Quantitative results 

In general, the average annual total evaporation as indicated by 
table 7 and Figure VIII-9 ranges from 3.3 feet along the Gulf of Mexico to 
less than 0.5 foot in the Great Basin region. Generally in the Southeastern 
States it ranges from 2.0 to 3.0 feet; in the Northern States east of the 
100th meridian from 1.7 to 2.5 feet; and in the Mississippi Valley west of 
the 100th meridian from 1.75 to 1.25 feet. On the Pacific coast it varies 
widely ; isolated areas with coastal exposure in northern California, Oregon, 
and Washington are shown in figure 8 as having total evaporation in excess 
of 3.3 feet. These areas receive very heavy precipitation, some of them 
more than 100 inches annually. Because of the cool temperature and 
humidity in these areas it is questioned whether the data are sufficient to 
establish definitely a total evaporation much, if any, greater than 3 feet 
a year. 

With a knowledge of the distribution of forest vegetation, Kittredge 
[33] has prepared a tabulation of annual water losses in forest regions of 
the United States, reproduced herewith as table 8. This table indicates 
an average evaporation from 3 feet for the longleaf-loblolly-slash pine 
forests of the south Atlantic and Gulf coasts and the river-bottom hard- 
woods and cypress to 1.0 feet for the spruce-fir forests in the northern 
Rocky Mountain regions. The Douglas fir and redwood forests of the 
northwest coast are credited with an annual average of more than 3 feet 
and a maximum of 5 feet, but the maximum figures are probably too high 
and would bear further investigation. The sugar and ponderosa pine 
forests of the Sierra Nevada average over 2 feet. The figures for other 
types of forest are as low as 0.6 foot for desert-shrub areas. With the 
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Table 8. — Annual water losses in forest regions of United States 
[Data from reference 33, table 1] 


Type of vegetation 

Annual water losses 
(depth) 

Inches 

Feet 

EASTERN REGIONS 



Longleaf , loblolly, and slash pine . . 

30-40 

2. 5-3.3 

River bottom hardwoods and cypress 

30-40 

2. 5-3.3 

Oak and pine 

25-35 

2. 1^2.9 

Oak, chestnut, and yellow poplar 

20-30 

1.7-2. 5 

Oak and hickory 

20-30 

1.7-2. 5 

Tali grass 

20-30 

1.7-2. 5 

Birch, beech, maple, and hemlock 

15-20 

1.25-1.7 

White, red, and jack pine 

15-20 

1.25-1 7 

Spruce and fir 

10-20 

.8-1.7 

WESTERN REGIONS 



Pacific Douglas fir 

25-60 

2. 1-5.0 

Redwood 

25-55 

2. 1-4.6 

Sugar and ponderosa pine 

15-40 

1.25-3.3 

Western larch and western white pine 

15-20 

1.25-1.7 

Spruce and fir 

10-20 

.8-1.7 

Ponderosa pine - 

10-20 

.8-1.7 

Short grass 

10-20 

.8-1.7 

Lodgepole pine 

10-15 

.8-1.25 

Pinon and juniper 

5-15 

.4-1.25 

Chaparral 

5-15 

.4-1.25 

Sagebrush 

5-10 

.4- .8 

Desert shrub 

4-10 

.3- .8 




exception noted, all the figures appear reasonable and show a remarkable 
quantitative similarity to those of consumptive use for vegetation growing 
under similar conditions of water supply. This method of studying total 
evaporation is a very promising field for future hydrologic research. 

CONCLUSIONS 

The foregoing review of transpiration and total evaporation sets forth 
the present status of research in these subjects, outlines the methods of 
measurement, and assembles the essential results of quantitative measure- 
ments. From this mass of information present deficiencies and trends 
can be determined and a program formulated for future investigational 
work. 


Present status 

Transpiration, soil evaporation, and interception 

The research activities of botanists, silvicultxirists, and workers at 
agricultural experiment stations have extended to practically all phases 
of the physical process of transpiration, its controlling forces, and the 
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infliiencing factors. The essential facts regarding processes and influenc- 
ing factors have been established, and present research is directed to 
confirming and rounding out these facts. . Little has been definitely 
established regarding the controlling forces, and this remains as an active 
field for future research. Quantitative data on transpiration are largely 
in the form of transpiration ratio (water requirement). This ratio has 
been determined for about 60 varieties of agricultural crops, native weeds, 
and grasses growing in the central and northern Great Plains region and 
for miscellaneous varieties in other scattered localities. The transpiration 
ratio in any one locality has been shown to vary closely from year to year 
in proportion to evaporation from a free water surface. The same relation 
appears to hold for differences in transpiration ratio at different localities. 
The practical utility of transpiration ratio in hydrologic work is very 
slight, however, because of the incomplete knowledge of the production of 
dry matter for crops grown in the field or in stands of natural vegetation, 
and the consequent inability to convert transpiration ratio into depth of 
water over land areas. 

The research work of experiment-station workers, hydrologists, and 
engineers has established the relations of evaporation from continuously 
moistened soil and from a free water surface in the same locality and has 
made some progress in the determination of evaporation from soil inter- 
mittently wet and dry. 

Sufiicient study has been made by silviculturists and hydrologists to 
establish the fact that interception is an important element of loss from 
vegetation, especially in forested areas experiencing rains in summer or 
snow in winter. 

Practically all hydrologic studies involving water losses from land 
areas include lands with more or less growing vegetation. Losses by soil 
evaporation and often by interception occur from such areas, as well as 
loss by transpiration. Owing to shading by the vegetation, it is impossible 
to determine the extent to which soil evaporation is operative in such 
areas, and the amount of interception is also indeterminate. Transpira- 
tion data for such areas, if available, are of little value if soil evaporation 
and interception are unknown. The most practical procedure for meas- 
urement is therefore to obtain all three items in natural combination as 
one total. This is accomplished by measuring consumptive use in the 
irrigated areas of western America and more generally by measuring total 
evaporation from stream basins or large areas, especially those in humid 
or tropical regions. 


Consumptive use 

Attempts have been made to measure consumptive use by at least 
ten different methods. Present practice includes six of these methods, 
some of which are applicable only under special conditions. 
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(o) The open-tank method as now perfected has the widest applica- 
tion. Results can be applied to large areas by use of exposure factors and 
the integration method. 

(6) The field-plot method approaches natural conditions more nearly, 
but it can be effectively used only where a complete accounting of absorp- 
tion can be made. This has been found possible in arid and semiarid 
regions by use of the improved soil auger for taking moisture samples to 
considerable depth. 

(c) The volumetric method as applied to alluvium-filled valleys 
enclosed by impermeable rock basins is widely used. It requires the 
measurement of all elements of inflow and outflow plus precipitation upon 
the surface and appropriate adjustment for surface and ground storage. 

(d) The volumetric method as applied to stream bottoms in canyons 
has a more limited application. 

(e) For broad, gently sloping valley areas with small rainfall the 
method involving determination of the annual fluctuation in the water 
table is very satisfactory. 

if) The method involving determination of the available heat has 
possibilities but is still in the experimental stage. • 

A large body of information on consumptive use is available, and 
this method of approach to the study of water losses in arid and semiarid 
valleys has become a valuable addition to hydrologic practice. 

Total evaporation 

There are two general methods of measuring total evaporation — (1) 
the so-called rational method by integration of transpiration, soil evapora- 
tion, and interception for the area under consideration and (2) the method 
based on difference between precipitation and runoff. The latter method 
is the more practical and with the increasing availability of long runoff 
records is being increasingly studied. For stream drainage basins it 
may be applied graphically by development of diagrams showing rainfall 
and runoff or it may be calculated numerically. The graphic method 
automatically irons out annual eccentricities resulting from surface or 
ground storage. The numerical method requires correction for storage 
unless annual averages based upon periods of 3 to 5 years are available. 
For large areas the contom map showing annual water loss is useful, as pre- 
pared from contour maps of annual precipitation and runoff. The water 
loss from areas of distinctive types of vegetation can be determined from 
such a map by outlining on it the boundaries of the respective areas. 

Future progress 

The determination of water losses will continue to be a major feature 
of practical hydrology, and suggestions for future research and the perfec- 
tion of methods of measurement are pertinent. 
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The growing inadequacy of water supply in arid and semiarid regions 
as population increases creates a strong demand for reduction of water 
losses by transpiration, both from natural vegetation and from agricultural 
crops. By research, methods may be found to accomplish this end, either 
by modification of vegetational types and varieties or by^ control of the 
process of transpiration through the use of sprays or chemicals. 

The close relation of water losses by transpiration, consumptive use, 
and total evaporation to the evaporation rate from a free water surface 
makes possible the wider use of quantitative data where the relative rates 
of evaporation are known. Further study is needed to correlate these 
various quantities definitely with evaporation from a free water surface, 
as measured under standard conditions. Evaporation records are already 
available in the United States at more than 60 class A evaporation sta- 
tions of the United States Weather Bureau for periods averaging 10 years 
in length, at 27 United States Bureau of Plant Industry stations (6-foot 
pans 20 inches deep buried 16 inches in the ground) for periods averaging 
19 years, and at many other stations. These records could be systemati- 
cally correlated with each other and with available data on consumptive 
use and transpiration, to the end of standardizing the method of adjusting 
the evaporation data for use at other points. 

The methods of measuring consumptive use by tank, field plot, valley, 
and canyon bottom should be further unproved and standardized, and the 
available-heat method should be thoroughly investigated. An important 
point for improvement in the technique of tank measurement, for plants 
growing in freely draining soil, is elimination of the effect of capillary 
storage in the lower portion of the soil column resulting from surface 
tension at the bottom of the column. This tends to increase the water 
supply available to the plant and cause measured consumptive use to 
exceed that in the field. Improvement might result either by greater 
care in application of water at the surface so as to prevent percolation 
beyond the reach of plant roots, or by lengthening the soil column so that 
the roots wiU not penetrate to the zone of capillary storage. 

The various methods of determining total evaporation by the differ- 
ence between precipitation and runoff should be more thoroughly studied. 
The first step is a more systematic determination of average precipitation 
over drainage basins for which long records of runoff are available. The 
period required to eliminate the holdover effect of extremely wet and 
extremely dry years should also be studied. The preparation of more 
accurate contour maps of precipitation and runoff for large areas should be 
undertaken in order to further the determination of total evaporation by 
difference as a basis for determining total evaporation from distinctive 
vegetational types. 
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A most promising field of basic investigation is the relation of evapora- 
tion and transpiration to solar energy. The energy of the sun may be 
found to be a fundamental cause, of which air temperature, water tempera- 
ture, evaporation, transpiration, and other factors are all effects. If so, 
the analysis of data on solar energy may lead to identification of a cause for 
variations in evaporation and transpiration that will clarify theory and be 
of practical value in applied hydrology. To facilitate such work many 
additional pyrheliometer installations are needed for measurement of solar 
radiation at points where observations on evaporation and transpiration 
are made. In this connection quantitative segregation of measured solar 
radiation into its visible light and ultraviolet components may assist in 
solving the problem. Ultraviolet radiation has now been definitely 
correlated with growths of algae in reservoirs [14a]. Preliminary experi- 
ments also indicate that there is a close relation between evaporation and 
ultraviolet radiation. This field of investigation is at present the most 
promising for progress in determination of the underlying causes of 
evaporation and transpiration. 
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CHAPTER IX 
SOIL MOISTURE 


IXa. soil moisture and capillary phenomena in soils 

Kakl Terzaghi^ 

ground water and soil MOISTURE2 

If the ground water were subject to no force other than gravity there 
would be a sharp boundary between dry and saturated soil. This bound- 
ary would be located at the level to which the water rises in observation 
wells. Below this surface, which is called the water table or the phreatic 
surface, the water is acted upon solely by the force of gravity and behaves 
according to the laws of ground-water flow. 

However, it is an empirical fact that the soil is capable of retaining 
permanently considerable quantities of water within the voids between the 
surface of the ground and the phreatic surface. The permanent presence 
of water within this zone can be accounted for only by the existence of 
forces that counteract the mechanical effect of the force of gravity. These 
are known as capillary forces, and the water which is retained in the soil 
above the phreatic surface by means of the capillary forces is called the 
soil moisture. 

Soil moisture near the surface is subject to considerable seasonal varia- 
tions due to evaporation and to the withdrawal of water through the roots 
of plants, and to rainfall. The present contribution is limited to a discus- 
sion of the moisture in the soil located below this top layer. 

The principal symbols that will be used in connection with the 
theoretical discussion of the subject are listed below. 

Cu = Allen Hazen^s uniformity coefficient, or the ratio between the grain size that is finer 
than 40 percent of the material and the grain size that is finer than 90 percent of the material. 

Dio = Allen Hazen^s effective size [5], which is finer than 90 percent of the material and 
coarser than 10 percent of it. 

d — diameter. 

Ca = volume of air per unit of volume of solid. 

ew = volume of water per unit of volume of solid. 

e ^ ea + Bv — void ratio, or the ratio between the volume occupied by the voids and the 
volume occupied by the solid. 

^ Consulting engineer, lecturer at Harvard University, Cambridge j Mass. 

2 The word “soil’' is used in this section for the rock material above the water table. 
The section does not include the capillary phenomena in the uppermost zone, which supports 
rooted, plants. 
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Ga — ^ — degree of aeration. 

^ = degree of saturation. 

g =s acceleration due to gravity. 
h = height. 

he = height of capillary rise of water in a tube or of soil moisture in a soil. 
hec = height of zone of complete capillary saturation in a soil. 

i =z hydraulic gradient or the ratio between the hydraulic head and the distance between 
two points of a flow line, measured along the flow line. The hydraulic head represents the 
difference between the levels to which the w’^ater rises in piezometric tubes established at the 
two points. 

k = coefheient of permeability, equal to the volume of water that percolates per unit of 
time through the unit of area of a section perpendicular to the direction of the flow at a hydraulic 
gradient equal to unity. 

n = porosity, or ratio between the volume of voids and the total volume of the soil. 

Pa — atmospheric pressure. 
r = radius. 
t = time. 

T = temperature, in degrees centigrade. 

Tst — surface tension of the water in grams per centimeter at a temperature T. 

Tn — approximate surface tension of water at room temperature, 0.073 gram per centimeter. 
Uz — hydrostatic pressure in the water at a depth z below the reference level. 

V = ki = discharge velocity, or the quantity of water that percolates per unit of time 
through the unit of area of a section perpendicular to the direction of the flow. 

~ seepage velocity, equal to the ratio between the discharge velocity v and the corre- 
sponding porosity n (average velocity at which the water percolates through a section per- 
pendicular to the direction of the flow of water through the soil). 

w = water content, or the ratio between the weight of the water contained in the soil and 
the dry weight of the soil. 

z = variable height or depth. 

a = contact angle, or angle between the vertical wall of a capillary tube and the adjoining 
free water surface. 

== weight of water per unit of volume at a temperature T. 
yw — approximate unit weight of water, equal to 1 gram per cubic centimeter or 62.4 
pounds per cubic feet values sufficiently accurate for practical purposes. 

CAPILLARY RISE AND CAPILLARY SATURATION 

If the lower end of a cylindrical specimen of dry soil is dipped into 
water, the water penetrates the voids of the soil and rises in the voids to a 
level he above the free water level. This can easily be demonstrated by 
the following experiment. Take a glass cylinder with a perforated bottom, 
aS shown in Fig. IXa-1, a, fill the cylinder with a fine, light-colored dry 
sand and dip the lower end of the cylinder into water. As soon as the 
sand comes into contact with the water, the water invades the voids of 
the sand, changing the color of the sand from light to dark. The rise of 
the upper boundary continues with decreasing speed until the boundary 
becomes stationary at a level he above the free water surface. The height 
he is called the height of capillary rise. In the lower section of the wetted 
part of the column the voids are completely filled with water; in the 
upper section, parts of the voids are occupied by air. In Fig. IXa-1, b, 
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the width of the areas marked “water” (left) and “air” (right) represents 
for each level z the volume occupied by water and air per unit of volume of 
solid. To designate the degree to which the water and the air participate 
in the occupancy of the voids the following values are used: 

Gs = ^ = degree of saturation at level z. 

Ga = — = degree of aeration at level z. 

Since + ea = e we obtain + Ga = I- 



Fig. IXa- 1. — Capillary rise of water in a column of dry sand. See text or explanation of a, c. 


If 7 s is the unit weight of the solid particles and jw the unit weight of 
the water, the water content w of the soil is 

Jw 

w = By, — 1 or By, = w — 

7s 7w 

As an example let us assume w = 0.19, 7^ = 1 gram per cubic 
centimeter, and js = 2.65 gram per cubic centimeter. Introducing these 
values into the preceding equation, we get 

q 

= 0.19 = 0.60 

which means that the water occupies a space equal to one-half of that 
occupied by the solid particles. The degree of saturation is equal to b^/ b 
and the degree of aeration is 1 — e«,/e. 

In order to compute the degree of saturation or aeration, it is neces- 
sary to determine both the water content w and the void ratio e of the 
sample. 
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Up to level hcc in Fig. IXa-1, h, the degree of saturation is equal to 
unity, and the corresponding part of the column of sand is said to be in a 
state of complete capillary saturation. The water contained in this zone 
represents continuous capillary water. Above the upper boundary of the 
continuous capillary water, at level hcc, the wider capillary channels are 
filled with air. With increasing height above the zone of capillary satura- 
tion the number and the total cross section of the air-filled channels 
increase. As the water contained in this zone is continuous only in a 
vertical direction it is said to be in a semicontinuous state. 

If water is added to the column of sand shown in Fig. IXa-1, a, 
through the upper end, the excess water drains away through the lower 
end of the tube. Yet in spite of the fact that the upper part of the 
column is above level he it retains permanently a certain quantity of water. 
This water is largely concentrated around the points of contact between 
the sand grains. As the state of stress in each of these minute patches 
of contact water is practically independent of that in all the others, 
the water contained in this part of the column can be considered 
discontinuous. 

In every soil the capillary rise of the water takes place at a rate that 
decreases with increasing height of capillary rise. In Fig. IXa-1, c, the 
abscissas represent the time and the ordinates the corresponding position 
of the upper boundary of the capillary water. 

In a general way both the height he of the capillary rise and the time 
required for the rise to approach he increase with increasing fineness of the 
sand, and for a sand of given fineness both values increase with decreasing 
void ratio. The last fraction of the capillary rise occurs very slowly 
and extends, even in coarse-grained soils, over periods of weeks or months. 
During the same period the upper boundary of the zone of capillary 
saturation rises slowly and the air content in the moistened part of the 
sand decreases without ever becoming equal to zero. In a sand with an 
effective size Dio = 0.15 millimeter, a uniformity coefficient C„ = 1.44, 
and a porosity n = 0.41, the water was found to rise within 10 minutes to 
a height of 25 centimeters, and the corresponding average degree of 
aeration was 0.30. During the following 9 days the upper boundary 
of the moist zone rose 2 centimeters more and the corresponding 
degree of aeration was 0.26. Yet the stationary state had not yet been 
reached. 

The average degree of aeration for different stages of a test of capil- 
lary rise can be determined by simultaneous observation of the height of 
the capillary rise and of the corresponding quantity of water that has 
entered the sand. The degree of aeration is determined by the difference 
between the total volume of the voids within the moistened zone and the 
volume of water that has flowed into the voids [2]. 
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Up to a height Kc above the phreatic table the soil is- in a state of 
complete capillary saturation. This height can be determined indirectly 
by means of the capillarimeter, which measures the excess air pressure 
required to produce the first continuous air channel from the top to the 
bottom of a saturated sample. The excess air pressure can be obtained 
either by raising the pressure of the air above the sample or by suction 
applied to the base of the sample [2]. For fine-grained soils the result 
of capillarimeter tests is likely to be strongly influenced by the rate at 
which the excess pressure is applied. 

The distribution of the air content in a column of sand such as that 
shown in Figure IXa-1, a, has thus far been determined only by cutting 
the column of sand into several sections and determining the water 
content of each section individually. 

SURFACE TENSION OF WATER AND THE RISE OF WATER IN CAPILLARIES 

The rise of water into the voids of a dry sand represents the com- 
bined result of three physical causes — the molecular attraction between 
the sand grains and the water, the surface 
tension of the water, and the capacity of 
the water to resist hydrostatic tensile 
stresses of many atmospheres without 
losing its continuity. The existence of the 
surface tension of the water can best be 

demonstrated by carefully lowering a greased needle in a horizontal position 
onto a free water surface, as shown in Figure IXa-2. In spite of its high 
specific gravity the needle does not sink into the water. It merely produces 
a shallow, troughlike depression. This fact indicates that the uppermost 
film of water must have a definite tensile strength, similar to a rubber 
membrane. However, in contrast to the stress in a rubber membrane, the 
stress in the surface film of a liquid is independent of the strain. Young 
[22] and Laplace [8] showed that surface tension represents a necessary 
consequence of the attraction between the molecules of a liquid. F or water 
the estimated intensity of the molecular attraction ranges between 10,700 
and 25,000 atmospheres. As the tensile strength of a liquid is, at least 
theoretically, identical with the force of attraction of the molecules on both 
sides of a section, it is not surprising that water is capable of resisting very 
high hydrostatic tensile stresses without -losing its continuity. 

If the lower end of a tube having a very small diameter (capillary) 
is dipped into water, the surface of the water comes to rest within the tube 
either above or below the free water surface outside the tube, depending 
on the chemical composition of the walls of the tube or of the impurities 
that cover the surface in the interior of the tube. Figure IXa- 3 illus- 
trates- the first ease. Within the tube the column of water terminates in a 
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cuplike depre'ssion, called the meniscus. The film of water covering the 
concave surface is in a state of tension similar to the tension of a stretched 
rubber membrane, and it is anchored to the walls of the tube by the molec- 
ular attraction between the molecules of the liquid and the adjoining 
molecules of the surface layer of the wall. It should be emphasized, how- 
ever, that the attraction exerted by the molecules of the walls of the tube 
does not extend beyond an extremely small distance from the wall. 
Hence practically the entire liquid content of the capillary tube is in the 
same physical state as it is in a pipe line, and as a consequence it follows 

the same laws, called the laws of hydraulics. 

The equilibrium of the column of water 
requires that the surface tension of the water 
carries the weight of the water just as the surface 
t ension of the water shown in Figure IXa-2 carries 
the weight of the needle. In general, the meniscus 
intersects the wall of the tube at an angle a, called 
the angle of contact. This angle varies with the 
chemical composition of the liquid and with the 
chemical composition of the walls of the tube or 
of the impurities. that cover this wall. If the angle 
of contact is 0°, as it is between pure water and 
clean glass, a thin film of liquid is pulled up along 
the wall of the tube above the meniscus. For any 
value of the angle a the condition for the equilib- 
rium of the column of water is 

TT yf he = Ter 2r ir cos a 

wherein y^ is the unit weight of the water and T^t the surface tension, 
both at a temperature T. From this equation we obtain 

he - cos a (1) 

The value of the surface tension T^t has been determined by several 
independent methods, whose results are practically identical. The follow- 
ing table [23] gives the magnitude of the surface tension of water in 
fractions of a gram per centimeter for different temperatures T in degrees 
centigrade. 

T = 0° 10° 20° 30° 40° 

Tev = 0.0756 0.0742 0.0727 0.0711 0.0695 

For room temperature we have approximately = Ts = 0.073 gram 
per centimeter and 7r = Tw = 1- With these numerical values we obtain 
from equation 1 



water in a capillary tube. 
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he (centimeters) = cos a (2) 

The state of stress in the water contained in a capillary tube depends 
on the pressure, pa, in the air above the water. If the test illustrated by 
Figure IXa-4, a, is made in a perfect vacuum, the entire column of water 
above the free water level is in a state of tension for the following reasons. 
Both the hydrostatic pressure in the water at the height of the free water- 
level and the shearing resistance of the water are equal to zero. As a 
consequence, the vertical forces that act on a section of the column of 




Pig. IXa- 4, — State of stress in the water contained (a) in an open capillary tube and (6) in a closed and 

evacuated capillary €tibe, 

water at a height z above the base consist solely of the weight of the water, 
zjw, per unit of area of a section through the column and the hydrostatic 
pressure (or tension), Uz, per unit' of area of the section. Hence the 
equilibrium of the column of water requires that 

Uz + = 0 

or Uz = -*z7tt (3) 

In Figure IXa-4, a, the values of are represented by the abscissas 
of the straight line od. 

If the space above the water is invaded by air under a pressure pa, the 
pressure in the water increases everywhere by pa. Hence the pressure in 
the water will be as shown by the abscissa of the dotted line aidi in Figure 
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IXa-4, a. The height he of capillary ris6 remains unaltered. According 
to Figure IXa-4, a, no tension will exist in the water unless the height he 

of capillary rise is greater than ha — or approximately 10 meters. 

I Vi 

Finally, if the lower end of an evacuated capillary tube, Figure IXa-4, h, is 
dipped into water in contact with air under a pressure pa, the water will 
rise in the tube to a height of 

ha he = - i — cos a (4) 

JW * 

If the tube is perfectly clean, a = 0. 

If the lower end of a capillary tube is lifted out of the water and 
the vertical position of the tube maintained, the flow of the 
water out of the tube will stop as soon as the water level in 
the tube arrives at a height of about he above the lower end 
of the tube. At the same time a permanent droplet will be 
formed at the lower end of the tube, as shown in Figure 
IXa- 5. The weight of the column of water contained in the 
tube is carried by the surface tension of the film at the upper 
boundary of the column. In the vicinity of the lower end 
of the tube the stress in the water changes from tension in 
the column into pressure in the drop, and the surface film of 
the drop can be compared to a minute rubber bag that acts 
as a container and transfers the weight W of the drop to the 
lower end of the tube. 

Thus far we have considered only the capillary rise of 
continuous columns of water in a tube and the columns of 
water retained in capillary tubes after they had been given 
Fig. ixa- 5. opportiuiity to drain. However, in connection with 
droplet main- the Origin of SOU moistuTe we are also mterested in the 
t^^on'^^ar^tS capillary rise of water in slits and grooves and in the 
lower end of a droplets that are retained at the points of contact between 

capillary tube. - 

uneven surfaces. 

If the lower edges of two glass plates that are separated from each 
other by a very narrow air space are immersed, the water rises within this 
space as it does in a capillary tube, although the sides of the air space 
are open. If the position of the glass plates is adjusted in such a way that 
they touch each other along one of their vertical sides, the height of the 
capillary rise in the groove thus obtained decreases from the contact 
toward the open side. Very narrow grooves can even be used as capillary 
siphons for transporting water out of a container, provided they are given 
the shape of a hook whose outer end is below the surface of the water 
in the container, as shown in Figure IXa-6. 
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In an accumulation of solid particles such as sand every point of con- 
tact between two adjoining particles is surrounded by an annular, groove- 
like space having a V-shaped cross section. The width of this space 
increases from zero at the contact in every radial direction. When sand 
is drained by gravity or by centrifuging, 
each one of these grooves retains a minute 
quantity of water held in place by capillary 
forces, as shown in Figure IXa-7, in which 
the forces exerted by the solid on the surface 
film are indicated by arrows. As these 
forces tend to increase the diameter of the 
particle of water surrounding the point of 
contact, the water is maintained in a state 
of tension, and the solid particles on both 
sides of the point of contact are forced 
together with a pressure equal and opposite to the tension in the water. 



Fig. IXa- 6. — Test arrangement 
for demonstrating capillary fiow of 
water in a narrow open groove. 



Fig. IXa- 7. — Water held by capillary forces. 

INFLUENCE OF GRAIN SIZE ON HEIGHT AND SPEED 
OF CAPILLARY RISE IN SOILS 

Every soil consists of an accumulation of solid particles separated 
from each other by capillary passageways. The connections between 
these passageways and their variable width merely complicate the prob- 
lem without eliminating the fundamental identity between the soil and a 
system of capillary tubes. Hence the capillary rise of the water into a 
column of sand, as shown in Figure IXa- 1, can be compared to the capillary 
rise of the water into a system of vertical capillary tubes and grooves. 

According to equation 2 the height he of capillary rise increases 
inversely as the diameter 2r of the tubes, and it also increases in direct 
proportion to the cosine of the angle of contact a. Laboratory experience 
regarding the influence of the porosity on the coefl&cient of permeability 
of sands shows that the effective average width, 2r, of the capillary 
passages increases approximately in simple proportion to the void ratio e. 
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On the basis of this experience we obtain for the average radius of the 
capillaries in the soil the equation 


r = BeD^id 

■» 

wherein B is an empirical factor depending on the shape of the grains of 
the sand. If we introduce this value into equation 2 we get 


in which 


0.15 C 

'■c — P r> COS a = 

° BeDid eZJ) 

0.15 COS a 
~ B 


(5) 


The value of the factor C depends on the shape of the grains and on 
the angle of contact a, which in turn depends on the amount and the kind 
of impurities that cover the surface of the grains. In a general way, the 
relation expressed by equation 5 is confirmed by experience. The follow- 
ing data will serve as examples. Atterberg [1] measured the height of the 
capillary rise in seven different fractions of a sand at a temperature of 
17° C. 72 days after the water was admitted to the lower end of the 
cylindrical specimen, and he obtained the following results : 

Grain size, mm . .. 5-2 2-1 1-0.5 0.5-0.2 0.2-0. 1 0.1-0.05 0.05-0.02 

cm 2.5 6.5 13.1 24.6 42.8 105.5 200 (still rising) 

The porosity of the sands tested ranged between the narrow limits of 
40.1 and 41.8 percent and averaged 41 percent. The corresponding void 
ratio is 0.69. The table shows that the height of capillary rise increased 
very nearly inversely to the first power of the grain size. 

The present writer measured the height of the capillary rise of the 
water in a clean dune sand with an effective grain size of Dio = 0.186 
millimeters and a uniformity coefficient of = 1.18. In one set of tests 
the average void ratio was ei = 0.85 and the corresponding height of the 
capillary rise K = 4.75 centimeters. In the second set of tests the corre- 
sponding values were = 0.65 and h = 6.5 centimeters. Hence the- 
ratio between the two values for he was equal to 6.5 4.75 =4.37. 

According to equation 5 this ratio should be equal to 


61 0.85 

62 ~ 0.65 


1.31 


This test result also agrees reasonably well with equation 5. How- 
ever, available experimental data are not yet sufficient to permit a decision 
as to what extent the influence of porosity on capillary rise is correctly 
appraised. 
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The most uncertain part of equation 5 lies in the value of the factor 
C, because this factor was found to be far from a constant. The following 
examples may suffice to illustrate this point. 

Assuming the validity of equation 5 we can express the results of the 
tests of Atterberg by the empirical formula 


^ ^ 0.45 


f6) 


in which K and Dio are expressed in centimeters. On the other hand, from 
the results of the tests with the dune sand investigated by the present 
writer, we obtain for C in equation 5 the value 0.10, instead of 0.45 obtained 
from the Atterberg tests. Furthermore, in one of a series of tests made in 
the Soils Laboratory of Harvard University, during the years 1934 to 
1938, under the direction of A. Casagrande, the drying of a sand in the 
desiccator sufficed to reduce the height of capillary rise in this sand to 
10 percent of that in the same sand in a slightly moistened state. The 
difference was undoubtedly due to a difference in the angle of contact. 
This result also demonstrates the futility of the attempts to assign to the 
different constituents of natural sands numerical values for the angle of 
contact, such as the value of 36° postulated by A. Hochstetter for the angle 
of contact between water and quartz. 

Equation 5 is only one of many that have been derived during the 
last 40 years by several investigators on the basis of various assumptions. 
In most of these equations the grain-size characteristics of the soil are 
expressed in terms of its specific inner surface. However, none of them 
can claim more than a theoretical interest, because according to the preced- 
ing discussion the height of the capillary rise in soils depends on many 
factors other than the grain size and the porosity. Foremost among these 
factors seems to be the nature of the impurities that cover the surface of the 
grains, a factor which always represents an unknown quantity. 

As the height of capillary rise in soil cannot be calculated, we are 
compelled to determine this height by experimental methods. The 
method illustrated by Figure IXa-1 is as good as any other. Before the 
soil is introduced into the container it should be slightly moistened, because 
in nature soils never occur in a perfectly dry state. If the porosity of the 
soil is known, it is also possible to determine the corresponding average 
degree of capillary saturation for the different stages of the test. It is 
sufficient to measure the height of the capillary rise ‘and determine the 
total weight of the moistened column of soil. 

The finer the soil the longer it takes for the rising water level to 
arrive in the vicinity of its ultimate position, at a height he above the free 
water level. This is due to the fact that the permeability of the soil 
decreases with the square of the effective grain size. In order to evaluate 
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the influence of permeability on the speed of the capillary rise we assume, 
as a first approximation, that the state of complete capillary saturation 
extends to the very top of the moistened zone of the soil. We also assume 
the validity of Darcy’s law 

V = ki (7) 

in which v = the discharge velocity. 

i = the hydraulic gradient. 

k = the coefficient of permeability, or the discharge velocity for 
i = 1. 

If a water particle travels along a flow line through a distance I, the 
corresponding hydraulic gradient depends on the hydrostatic head at 
the two ends of the line of travel. The hydrostatic head for any point of the 
flow line is^equal to the height to which the water level rises at that point 
in a piezometric tube above an arbitrarily chosen reference level — for 
instance, the level of the adjoining free water surface. The height of the 
rise is also equal to the algebraic sum of the height of the point above the 
reference level and the stress in the water at that point, expressed by 
the height of a column of water with a cross section equal to unity, whose 
weight is equal to the stress in the water. The height of a column of 
water equivalent to a pressure in the water is positive, and the height 
equivalent to a tension in the water is negative. If the hydrostatic head 
at the two ends of the path with the length I is equal to hi and h 2 respec- 
tively, the hydraulic gradient is equal to 

hi — hi 

^ = —r- 

In the capillary rise of water into a column of soil, illustrated by 
Figure IXa-8, a, the flow lines start at the bottom of the column and rise 
in a vertical direction toward the top of the moistened zone. At the base 
of the wetted column the hydrostatic head is always equal to zero. After 
the process of capillary rise has come to an end, the water stands in the soil 
at a height K above the free water surface. At K the surface tension 
produces a tensile stress in the water with the intensity 'Ywhc- Otherwise 
the water could not remain in the sand at a height he above the free water 
level. Yet this tensile stress is fully compensated by the weight of the 
column of water that is suspended within the capillaries of the soil. 
Hence the corresponding hydrostatic head is equal to zero. 

At the time t the surface film of the capillary water is at a level z 
above the free water surface. The stress in the water due to surface 
tension is independent of the position of the boundary between air and 
water. It is always equal to yy^K. Yet the column of water that is 
suspended at the surface film has only the height z. Hence, at time t 
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the upper boundary of the moistened zone is the seat of an unbalanced 
tensile stress equivalent to the weight of a column of water with the 
height he — z. This “head” he — z is negative, because the corresponding 
stress in the water is a tensile stress. The total loss of head of the water, 
on its flow from the lower boundary of the column, at level 0, through a 



Fig. IXa-8. — (a) Rise of capillary water in a column of dry sand. (6) Observed (Ce) and computed 
(C'c) relation between time and height of capillary rise of water in a column of dry sand. 


distance z toward the upper boundary, is 

hi — hi = 0 — [—{he — z)] = he — z 

and the corresponding hydraulic gradient is 

he - z 

t = 

z 

dz 

The rate at which the upper boundary of the moistened zone rises 

in a vertical direction is identical with the seepage velocity Vg, that is, 
with the average velocity of the water in the capillary passageways. 
According to the law of Delesse, the porosity of a plane section through an 
isotropic porous material is equal to the porosity n of this material. Hence 
the area of the openings per unit of area of a horizontal section through the 
soil in Figure IXa-8, a, is equal to n. As the discharge velocity v referred 
to in equation 7 represents the quantity of water that percolates per unit 
of time through the unit of area of a horizontal section through the soil 
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sample, the seepage v'eloeity Vs must be 

V dz 
~ n ~ dt 


If we introduce into this equation the values of v (equation 7) and 
of i, we obtain 

^ _ k he — z 
dt ~ n z 


and, by integration, 



In 



z 

he 


( 8 ) 


In order to compare our theory with reality, we determine experi- 

mentally he and z at some convenient time t, and solve equation 8 for 

The curve that corresponds to equation 8 can then be plotted without 

previous experimental determination of ■ When this is done, we always 

find that the theoretical curve, C'e in Figure IXa-8, h, approaches the 
asymptote much more rapidly than the empirical curve, Ce- This obvious 
discrepancy between theory and reality seems to be due chiefly to the 
assumption that the coefficient of permeability is a constant. In reality, 
the value of k is bound to decrease with increasing height above the base of 
the sample, because as the upper boundary of the moistened zone is 
approached the flow of the water is more and more confined to the narrow- 
est capillaries of the soil. 

Equation 8 has also been used for the purpose of estimating the 
height ht to which the water rises by capillarity within a definite time — 
for instance, 24 hours. This value, ht = can be considered a measure 
of the readiness of a soil to pass from the dry state into a state of capillary 
saturation. In a coarse sand the water rises rapidly but the height of 
capillary rise is insignificant. On the other hand, in a clay soil the water 
is capable of rising to a very high level. Yet, on account of the low 
permeability of the soil, the rise is extremely slow. Hence there must 
be an optimum grain size, involving a maximum 24-hour rise. 

In jp'der to utilize equation 1 for making a theoretical estimate of 
the 24-hour rise h^i, we replace the value he in this equation by its equiva- 
lent as given by equation 5 and evaluate k according to Allen Hazen’s 
equation [5]: 

k = constant X jD®io (9) 

In this fashion we obtain for the relation between grain size and the 
24-hour capillary rise the curve shown by the continuous line in Figure 
IXa- 9 [13]. The curve shown by the dashed line in the same figure 
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represents the results of tests made by x\tterberg. According to both 
curves, the value h^i assumes a maximum for soils with an effective grain 
size of about 0.02 millimeter. 

It should be noted, however, that the descending part of the empirical 
curve is very much steeper than the corresponding part of the theoretical 
curve. The writer believes that this discrepancy is due to a discrepancy 
between equation 9, on which the theory is based, and reality. Accord- 
ing to this equation, the coefficient of permeability, k, decreases in direct 
proportion to the square of the effective grain size, Dio- However, below a 
grain size of about 0.02 millimeter the coefficient of permeability seems to 
decrease at a higher rate, because 
the width of the voids approaches 
the order of magnitude of the thick- 
ness of the zone of adsorbed water 
that surrounds the solid particles. 

The author’s theory that led to 
equation 8 is only one of many 
that have been published during 
the last decades. Some of them 
are very complicated. Yet thus 
far none of them can be considered 
fully satisfactory. (See also article 
on rate of drainage.) 

SOIL MOISTURE UNDER FIELD CONDITIONS 

Natural sediments and soils are never perfectly homogeneous, and 
the capillary moisture never enters them under conditions as simple 
as those shown in Figure IXa-1. Hence the theories concerning the 
capillary rise of water in dry soils are merely a means of elucidating 
some of the fundamental processes involved in the infinitely more com- 
plicated qapillary phenomena that occur under field conditions. A 
knowledge of the states of capillary saturation in natural soil deposits 
under field conditions can be obtained only by observations and measure- 
ments in the field, for which theoretical knowledge of the subject serves as 
a guide. 

Figure IXa-10 illustrates the most important processes which take 
place within the zone of soil moisture under field conditions. In this 
figure a and b represent systems of vertical capiUary tubes whose lower 
ends are immersed in water. At the outset of the test the water stands 
in the tubes at a height h above the free water level. The value he is 
determined by equation 2. If water is allowed to enter the tubes through 
their upper ends, as shown in Figure IXa-10, a, it is drawn into the capil- 
laries by the surface tension, and some air will be trapped between the 


LOGARITHM OF GRAIN SIZE (MILLIMETERS) 



Fig. IXa- 9, — Observed (C) and computed 
(C') relation between effective grain size and the 
height to which the capillary water rises in a 
column of dry sand in 24 hours. 




346 


HYDROLOGY 


upper and the lower capillary water. The pressure in the air at the 
boundary between air and water is equal to the algebraic sum of the 
stress in the water and the pressure exerted on the air by the surface 
tension. If water enters the tubes continuously from above, the air 
descends together with the water toward the lower ends of the tubes and 
escapes through the body of free water below the tubes. If the supply of 
water is cut off before the air has escaped, the water in the tubes comes 
to rest at a level he + hi, in which hi represents the height of the cushion of 
air, and the air remains permanently trapped between two layers of 
capillary water (Figure IXa~10, 6). 



Fig. IXa- 10. — Downward flow of water produced by flooding the upper ends of bundles of 
capillary tubes (a) with immersed lower ends and (c) with free lower ends, h and d show the body of 
capillary water that remains permanently in the tubes after drainage, hi, height of layer of trapped 
air. 


If the lower end of the bundle of capillary tubes is not immersed, as 
shown in Figure IXa-10, b, the water that flows out at that end emerges 
into a continuous layer of water, and the discharge occurs by a succession 
of big drops. As soon as the inflow of water through the upper end of the 
capillaries ceases, the discharge at the lower end also ceases as. soon as the 
water level in the tubes- arrives at a position he + h above the discharge 
level. The water that ultimately remains in the capillaries is called 
suspended capillary water. It may contain layers of trapped air, as shown 
in Figure IXa-10, d. This figure represents a bundle of fine capillaries 
on top of a bundle of wider ones and illustrates the fact that the transition 
from fine to wide capillaries may give rise to the formation of a layer of 
suspended capillary water. 

Figure IXa-11, illustrates several ways in which soil moisture may 
be distributed in sedimentary deposits. In this figure a and b show a 
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bed of fine silty sand containing a lens-shaped pocket, G, of clean, 
coarse sand and gravel. Owing to the action of plant roots and to the 
seasonal variations in temperature and humidity, the top layer of fine- 
grained soil deposits is usually much more permeable than the material 
at greater depth. Within this top layer the state of the soil moisture is 
likely to vary among the continuous, semicontinuous and discontinuous 
states. Below the base of this layer the possibility for a temporary 
occurrence of almost discontinuous soil moisture is limited to the pocket 
of sand and gravel. Toward the end of a dry spell the distribution of the 
soil moisture may be as shown in Figure IXa-11, a. One zone of capillary 




Continuous copillory water 





Discontinuous capillary water 


Serni-continuous copillary water 


Ground water 


Fig. IXa~11. — (a) Soil moisture in a bed of fine silty sand containing a lens of clean sand and 
gravel (?, after a dry spell; (b) soil moisture in the same deposit after a wet spell; (c) soil moisture 
in a laminated deposit consisting of layers of fine silty sand separated from each other by thin layers 
of clean sand and gravel. The water table is assumed to be stationary. 


saturation lies above the water table. Another one lies above the top 
of the lens of gravel, G, whose voids are mostly filled with air. It cor- 
responds to the suspended capillary water shown in Figure IXa-10, d. 
The rest of the deposit contains the soil moisture in a semicontinuous state. 
In a rainstorm additional water enters the soil through its top surface, 
with the consequences illustrated by Figure IXa-11, 6. The upper 
boundary of each of the zones of capillary saturation rises, the percentage 
of semicontinuous moisture increases, and water accumulates above the 
base of the gravel pocket, which can be described as a temporary, perched 
ground-water table. After the rain has stopped the moisture conditions 
gradually approach again the state represented by Figure IXa-11, a. 
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If air has been trapped within the soil during the rainstorm, it gradually 
escapes toward the surface during the following dry period. 

If the bed of silty sand shown in a and b, Figure IXa-11, contains a 
series of thin layers of coarse sand and gravel, as shown in Figure IXa-11, 
c, the presence of these layers increases the amount of soil moisture that 
can be permanently retained by the sand. This is due to the fact that each 
layer of gravel induces the formation of a superimposed layer of continuous 
soil moisture, comparable to the body of capillary water contained in the 
bundle shown in Figure IXa-10, d. If the distance between the layers 
of gravel is smaller than the height to which the water could rise by 
capillarity in the strata between these layers, the entire mass of sand 
between the layers of gravel can remain permanently in a state of capillary 
saturation, to any height above the water table. On the other hand, 
part of the voids of the layers of gravel will periodically be filled with air. 
During a rainstorm each of the layers of gravel becomes temporarily the 
seat of a perched ground-water table. 

The distribution and the seasonal variations of soil moisture under field 
conditions are illustrated by data obtained by the writer [14] in connection 
with a survey of soil moisture in the flood plain of the Connecticut River. 
The survey covered an area of about 50 square kilometers, and. it was 
continued over a period of about 1 year. The first step consisted in 
exploring the ground water and the soil conditions by means of 15 drill 
holes. The results of these borings indicated that the water table was 
nowhere at a depth of more than 5 meters. From the land surface to a 
considerable depth below the water table the subsoil consisted of a fine, more 
or less silty sand with an average effective grain size of Dio = 0.04 to 
0.01 millimeter. The coefficient of permeability ranged between 
1.10“'* and 20.10“^ centimeter per second. Eight of the drill holes were 
transformed into observation wells for the purpose of recording the 
variations in the position of the water table. On the basis of the results 
of the test borings, eight representative sites were selected, covering the 
entire range of soil conditions disclosed by the borings. At each site and 
in different seasons of the year shafts were excavated, and in each shaft 
one undisturbed cylindrical sample was taken for each 45-centimeter 
section of the shaft. Each sample had a height of 7.5 centimeters. The 
total number of samples was 200. In the laboratory the degree of aera- 
tion, Ga, of each sample was determined. The following figures represent 
the extreme limits of the degree of aeration at eight different localities 
and at five different times during the year 1928 : 


1. After a wet month with rain and snow in February 0 . 140-0 . 178 

2. Five days after a heavy rain in July 0 . 127-0 . 162 

3. Six days after a heavy rain in September 0.089-0.111 

4. After 3 weeks of dry weather in October 0 . 200-0 . 207 

5. After 2 months of dry weather in December 0.230-0.251 
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The difference between the extreme values of the degree of aeration 
for the different localities at any given time of the year is by no means 
as great as the difference between the extreme values of the average 
effective grain size and the average permeability of the soils encountered 
in these localities would lead one to expect. It was also noticed at each 
of the localities investigated that the degree of aeration was practically 
independent of the height of the samples above the water table. 

Thus far our knowledge of the degree of aeration of soils under field 
conditions is very fragmentary. Nevertheless, the available data suffice 
to indicate that the corresponding aeration curve for temper'ate climates 
cannot be far- from the tentative curve E shown in Figure IXa-15 (p. 356). 
The boundaries of the shaded area in this figure represent the probable 
range of seasonal variation. 

CAPILLARY SIPHON EFFECTS IN THE FIELD 

The capillary propagation of water through grooves illustrated by 
Figure IXa-6 also occurs in natural sediments, whenever the surface of 
the ground water on both sides of a low, feebly permeable ridge lies at 
different levels. Haedieke [4] observed the migration of water across a 
ridge from one ground-water level 0.5 meter below the crest of the ridge 
to another one 3.5 meters below the crest. A similar migration of water 
also occurs out of the storage reservoir 
behind an earth dam with a clay core, 
as shown in Figure IXa-12. The water 
is drawn by capillarity out of the 
reservoir and flows over the crest of the 
core into the downstream portion of 
the embankment. On a section of the Berlin-Stettin Canal 20 
kilometers long the loss of water due to this process amounted to 28 
liters per second. The crest of the clay core was 30 centimeters above 
the level of the water in the canal. By adding 40 centimeters to the 
height of the core the loss of water was reduced to less than 7 liters per 
second [2]. Versluys [10] measured the discharge through a capillary 
siphon consisting of a hook-shaped pipe with a diameter of 6 centimeters, 
filled with dune sand. The height Kc of complete capillary saturation 
for the sand was 29.3 centimeters. The discharge through the capillary 
siphon decreased rapidly with increasing height of the crest of the siphon 
above the free water level. Yet the capillary flow did not stop until this 
height became equal to 154 centimeters = 5.3/icc. Kozeny [7], Weiland 
[21], and others have observed and photographed through a glass window 
the capillary flow of water across impermeable ridges, by injecting a 
solution of potassium permanganate or other colored liquids into the 
capillary current. 



Fig- IXa- 12. — Capillary siphon effect in the 
shell of an earth dam with a clay core. 
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EXPERIMENTAL METHODS OF INVESTIGATING THE WATER-HOLDING 

POWER OF SOILS 


All these methods involve the following procedure : A sample of the 
soil is introduced in a saturated condition into a container with a per- 
forated bottom, and then the water is allowed to drain out through the 
bottom under the influence of simple gravity or of a centrifugal force. 
The water contained in the voids of the soil after the end of the test is 


EFFECTIVE GRAIN SIZE (OJ, 
IN millimeters 
0.475 0.083 



M Discontinuous soil moisture 

Q b 

Fig. IXa- 13. — (a) State of capillary satura- 
tion in two columns oi sand years after being 
completely saturated and allowed to drain; (6) 
relation between degree of saturation and height 
above the lower ends of the columns shown in a 
(tests by F. H. King, 1899). 


considered a measure of the water- 
holding power of the soil, which in 
turn is supposed to stand in some 
definite relation to the soil moisture 
contained in the same soil under 
field conditions. 

If the expelled water is entirely 
replaced by air the process is called 
“drainage with air substitution” or 
briefly “drainage.” On the other 
hand, if the loss of water is fully 
compensated by a corresponding 
decrease of the volume of the voids 
without entrance of air into the 
system, the process is called “drain- 
age by consolidation” or briefly 
“consolidation.” The drainage of 
coarse-grained soils always involves 
air substitution, but the drainage of 
typical clays always occurs by con- 
solidation. In soils with intermedi- 
ate grain size, such as silts, the 


mechanical expulsion of water involves a process of combined drainage by 


air substitution and consolidation. 


According to the mechanical means that are used for driving the excess 
water out of the voids of a soil the methods for determining the watjer- 
holding power of soils can be divided into gravity, centrifuge and suction 
methods. Figure IXa-13, a represents the test arrangement used by 
King [6, pp. 86-91] for the purpose of investigating the water-holding 
power of sands with different grain size. The procedure belongs in the 
category of gravity methods. The sands were contained in galvanized 
iron tubes 2.44 meters high, with perforated bottoms. The effective' sizes 
of the sands ranged between 0.475 and 0.083 millimeters. At the outset 
of the tests a state of saturation was established in the sands by gradually 
introducing the columns of sand in a vertical position into water until they 
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were completely immersed. Then the tubes were taken out of the water 
and lined up in a vertical position, and the water was allowed to drain out 
of the samples through the lower ends of the tubes. The upper end of each 
cube was covered, so as to prevent a loss of water by evaporation. From 
time to time the weight of the' columns was determined. At 23 ^^ years 
after the beginning of the tests the observations were discontinued and 
the degree of saturation of successive sections of the columns of sand was 
determined. In Figure IXa-13 a shows the test arrangement, h shows the 
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Fig IXa- 13 — (c) Observed and computed relation between time and average degree of saturation in 

the columns of sand shown in a. 


change of the air space with height for the finest and the coarsest sand 
at the end of the period of observation, and c represents the relation 
between the time and the average degree of saturation for these two 
sands, for the first 5 days of the process of drainage. 

At the end of the 23-^-year period the lower part of each sample was 
occupied by continuous soil moisture (I, Figure IXa-13, a), the middle 
part by semicontinuous soil moisture (II), and the upper part by dis- 
continuous soil moisture (III). However, in nature it seldom occurs that 
a soil is allowed to drain for a period of 23 ^^ years, because the soil is fre- 
quently invaded by rain water through the top surface. Hence the state 
of drainage shown in Figure IXa- 13, 6, represents an extreipe case which 
will hardly ever be approached under field conditions. According to equa- 
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tion 6 the height K of the capillary rise in the coarse sand should be equal 
to 14 centimeters and in the fine sand 77 centimeters. However, according 
to a and h, Figure IXa- 13, neither of the two columns of sand exhibits 
any abrupt change of the degree of saturation in the vicinity of the levels 
that correspond to the theoretical values he. 

According to the test results shown in b and c, Figure IXa- 13, it is 
obvious that neither the water content of the drained soil nor the degree 
of saturation can be assigned a definite value characteristic of the soil, 
because each of these quantities is a function of time and of the height 
above the base of the column of moist soil. Some investigators identify 
the water-holding power of the soil with the water content of the drained 
soil near the top of the column; others with the average water content; 
and in every test the results depend on the height H of the column and on 
the duration of the test. Furthermore, all the gravity methods share the 
following serious shortcoming. According to the results of the investiga- 
tions by King and many others, the height of the saturated section 
increases with decreasing grain size and for a given soil it decreases with 
time. Hence a gravity method cannot possibly furnish any information 
concerning the drainage properties of a soil, unless the value hce for this 
soil at a time t after the beginning of drainage is smaller than the height 
H of the container. For every finer soil the test furnishes for the degree^ 
of saturation a value close to unity regardless of grain size. In order to 
avoid this risk and to insure a more energetic expulsion of the water within 
a short time, the centrifuge method has been developed. In this method 
the soil moisture is acted upon by a centrifugal force equal to N times the 
force of gravity. The mechanical effect of this force is the same as if the 
unit weight of the water had been increased from to Ny^. The value 
of the multiplication factor N depends on the number of revolutions per 
second and on the distance R between the sample and the axis of rotation. 

In order to realize the physical meaning of the result of centrifuge 
moisture tests, let us consider a saturated sample with a thickness H, a 
coefficient of permeability h, and a volume of voids n. The height to 
which the water can rise in this material by capillarity is he. If the force 
of graHty that acts on the sample is increased from g to Ng, the unit 
weight of the water increases from 7„, to Ny^, while the- surface tension 
and the viscosity remain practically unaltered. According to the laws 
of the hydraulics of capillary systems an increase of the unit weight of 
the liquid from 7^ to Ny^,, unaccompanied by a change in the surface ten- 
sion and the viscosity, reduces he to he and increases k to Nk. If we 

apply to the process of drainage the reasoning that led to equation 8, we 
obtain the following approximate equation for the time t required to 
establish by simple gravity drainage a certain degree of drainage Ze 
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(ratio between the amount of water that has been expelled at the end of 
the test to the total amount of water that can be expelled by drainage) 


t = 


KriGa 


In 


+ Zt 


H - h. 


hcnGa / liA 

k ^ V fi) 


(10) 


wherein Ga is the degree of aeration of the sample after complete drainage. 

The term / (^r, is an abbreviation of the term in brackets. If the 

drainage of the sample described above is accomplished by centrifuging 
we must replace the values he and k in the preceding equation by hc,'^ 
and Nk respectively whereupon we obtain 


— hcnGa fl ( he \ 

^ ~ V"’ NH/ 


( 11 ) 


On the other hand, if the thickness of the sample is equal to NH and 
the drainage takes place only under the influence of gravity we must 
replace the value H in equation 10 by NH while he and k remain unchanged. 
Thus we obtain for the time ti required to reach a degree of drainage Zr 
the 'value 

. _ henGa ^ \ 

F"-' V’'' Tm) 


By combining this equation with equation 11 we get 

U = NH (12) 

According to this equation the degree of draingae after centrifuging 
the sample during a period t is equal to the degree of drainage in a bed of 
the same material with a thickness NH, at a time NH after drainage has 
been started. It should be emphasized, however, that the preceding 
interpretation is no longer valid when the water content of the sample 
has passed from the semicontinuous into the discontinuous state, for the 
reason that the expulsion of discontinuous water particles like those shown 
in Figure IXa-7 ceases as soon as the weight of each particle becomes small 
enough to be compensated by the surface tension along the rim of the 
particle. The force that tends to expel the isolated water particles in a 
soil subject to centrifuging is many times greater than the force that acts 
on the particles in a soil under the influence of simple gravity, hut the 
surface tension is under both conditions the same. Hence a soil subject 
to drainage by simple gravity can hold permanently a higher percentage 
of discontinuous moisture than a sample subject to centrifuging. 

Samples of very fine-grained soils consolidate in the centrifuge without 
any air entering the voids of the soil. Application of the theory of con- 
solidation [18] to a soil of this kind led in first approximation to the 
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conclusion that the degree of consolidation after centrifuging the sample 
during a period i is equal to the degree of consolidation in a bed of the 
same material with a thickness NH, at a time NH after consolidation has 
started. This conclusion is identical with the preceding one concerning 
drainable soils and it demonstrates the importance of the influence on the 
test results of the thickness H of the samples. It is also very important 
to make sure that the sample in its original state does not contain any air 

and to measure the porosity of the 
sample before and after the test. 

In the moisture-equivalent test 
used by the Bureau of Public Roads 
[3] the multiplication factor N is 
equal to 1,000 and the duration i of 
the test is 1 hour. If the thickness 
of the sample is 1 centimeter, the 
sample represents the equivalent 
for a layer of soil with a thickness 
H = 1,000 centimeters subject to 
drainage by simple gravity for a 
period of about 100 years, provided 
that the initial state of the soil in 
the field was identical with that of 
the sample used in the test. 

Lebedeff [9] increased the 
multiplication factor N up to 
70,000 and concluded from his 
investigations that nothing can be 
gained by going beyond N = 18,000 
and t = 2 minutes. 

In a general way the results of 
the centrifuge test lead to the 
following conclusions : In sands and 
silts the process of centrifuging 
merely produces a replacement of 
water by air. In clay soils with an 
effective grain size of less than 
0.001 millimeter the expulsion of water is due exclusively to consolidation 
whereby the soil remains in a saturated state. In accordance with the laws 
of consolidation [18] the excess moisture escapes in two opposite directions, 
through the top and the bottom of the sample. The accumulation of water 
on the top surface of the sample is termed “waterlogging.” It is always 
an indication of drainage by consolidation and of a degree of saturation 
equal to unity. 


Pc 

I \ I 



Fig, IXa- 14.^ — Diagram showing how partial 
vacuum below lower end of a bundle of capillary 
tubes reduces height of layer of capillary water 
from he to h'e. 
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The suction method was introduced by Zunker [2j in 1929 in con- 
nection with investigations of agricultural soils. It does not differ from 
the original gravity methods except that the perforated bottom of the soil 
container is located above another container in which a partial vacuum can 
be produced, involving a difference Apo between the air pressures acting 
on the top and the bottom surfaces of the sample. If the pressure in the 
air above the top of a bundle of capillary tubes (Figure IXA-14j is increased 
by Apo above the air pressure acting on the bottom of the bundle, the 
surface tension of the water has to carry the excess pre.ssure Ap^ in addition 
to the weight ky^ of the water located below the surface film. Hence the 
excess pressure Apo lowers the upper boundary of the zone of capillary 

saturation from he to h'c- The pressure Apa represents the equivalent 

At) 

of the weight of a column of water with the height — -■ As a consequence 

Ay) 

the elevation of the boundary will be lowered from he to h'e — he — — -■ 

yw 

Zunker ’s soil containers have a height of 10 centimeters. Assuming a 


Ay) 

complete vacuum, Ap^ = p^, we obtain — - = 1,000 centimeters. 

yw 


How- 


ever, if he is smaller than 1,000 centimeters, the air will break through the 
soil and invade the vacuum, whereupon the air pressure in the vacuum 
chamber will rise. This increase depends on the width of the air channels, 
the height of the specimen, the capacity of the air pump, and other factors 
independent of the nature of the soil. This must be considered a serious 
disadvantage of the procedure, because the ultimate result of the process 
of drainage depends essentially on the vacuum pressure that existed after 
the first air channel was formed. Zrmker evacuates his specimen for a 
•period of 2 hours. In order to reduce the loss of water due to evaporation, 
the air is passed through a humidifier before it is admitted to the top 
surface of the sample. 

Mining engineers have studied the problem of the water-holding 
power of sands in order to obtain information concerning the possibility 
of draining beds of sand above coal deposits. On the basis of general 
drainage experience in coal mining, Nahnsen [10] divides the sands that 
are likely to be encountered in coal mining into 20 classes and describes 
their properties as follows: 


Classes 

Properties 

Degree of aeration 
after drainage 

1-5 

Very difficult to drain 

0-0.25 

6-io 

Can be drained under favorable conditions 

0.20-0.50 

11-15 

Can be drained easily 

I 0.51-0.75 

ie-20 

Cannot be classified as quicksand (Schwimm- 
sand) 

0.76-1,00 
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The methods that have been used by mining engineers for the experi- 
mental determination of the air space that can be established by drainage 
belong in the category of gravity methods. 

COMPARISON BETWEEN LABORATORY AND FIELD DATA 

As the water-holding power of soils is far from being a quantity with a 
well-defined physical meaning, any set of values concerning soil moisture 
can be considered valid under certain conditions only. These conditions 
can be divided into two large groups — laboratory and field conditions. 
Figure IXa-15 summarizes the most significant facts concerning the values 
which the degree of saturation can assume under different conditions. 
The ordinates of the curves Z and L have been computed on the basis 
of the results of the tests by A. Zunker (curve Z, suction method, height 

EFFECTIVE GRAINSIZE IN MILLIMETERS (LOGARITHMIC SCALE) 



Fig. IXa- 15. — Relation between effective grain size (Dio) and average degree of capillary 
saturation as determined by different experimental methods. L, centrifuge method, Z, suction 
method, from field observations. 


of samples H — 10 centimeters, duration of drainage 2 hours) and by A. F. 
Lebedeff (curve L, centrifuge method, multiplication factor N = 18,000, 
t - 2 minutes). Neither of the lines Z and L exhibits any relation 
to the curve E representing the degree of saturation under field conditions. 
This statement also applies to the curves that have so far been obtained 
by means of all the other existing methods of investigating the water- 
holding power of the soil. The discrepancies between the field values and 
the test results are obviously due to the incompatibility between the field 
and the test conditions. The shortcomings of the suction method 
(curve Z) have been discussed on preceding pages. Hence attention 
may be concentrated on the centrifuge method represented by curve L. 

By means of equations 11 and 12 we find that the data obtained 
by Lebedeff (curve L) approximately represent the relation between grain 
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size and the average degree of saturation in a column of soil 180 meters 
high, 12,000 years after drainage by simple gravity has been started. 
These values are close to the minimum degree of saturation that can 
possibly be established in a soil by purely mechanical means. On the 
other hand, the ordinates of the curve E represent the average degree 
of .saturation that was found to prevail under field conditions in humid 
climates in the C horizon of a number of sedimentary deposits up to a 
height of about 20 feet above the phreatic surface. The .shaded area on 
both sides of the curve E (Figure IXa-15) indicates the probable range of 
seasonal variations of the degree of saturation from the average. 

In contrast to the curve L in Figure IXa-15, the curve E, representing 
the average degree of saturation under field conditions, has the typical 
shape of an ordinary probability curve. The steepest part of this curv^e 
lies within the range of grain size 0.2 to 0.02 millimeter. Within this 
range both the degree of saturation and the rate of drainage decrease 
rapidly with decreasing grain size. Within the same range the ratio 
between the ordinates of the curves E and L also decreases very rapidly. 
This is due to the following facts : The ordinates of curve L represent the 
air-space equivalent for simple gravity drainage during a period of more 
than 10,000 years. At that stage the rate of drainage is practically equal 
to zero. On the other hand, under field conditions the degree of saturation 
ceases to decrease as soon as the rate of drainage becomes equal to the 
average recharge of the moistened zone by rain water invading the soil from 
above. With decreasing grain size the rate of drainage also decreases, 
whereas the average recharge by rain water is independent of grain size. 
Hence in fine-grained soils the equilibrium between discharge and recharge 
is reached in a far less advanced state of drainage than in coarse-grained 
soils. In Figure IXa-15 this important fact is expres.sed by the relative 
position of the curves L and E, which has been emphasized above. It 
explains a fundamental difference between the laboratory and the field 
values for the degree of saturation. The laboratory determinations 
correspond to some arbitrarily chosen intermediate state or to the final 
state in a process of drainage that is never interrupted by recharge from 
above. On the other hand, the field value represents the degree of satura- 
tion at which discharge by drainage and recharge by rain water statistically 
balance each other. For this reason, no direct and simple relation between 
laboratory and field values can possibly exist, regardless of the method 
of drainage that is used in the laboratory. The periodic alimentation of 
natural sedimentary deposits with rain water from above also accounts for 
the conspicuous difference in the distribution of soil moisture under 
laboratory and field conditions. In the laboratory there is always a 
marked increase of the degree of saturation with the depth below the sur- 
face of the sample, as shown in Figure IXa-13, b. In the field, below 
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the top layers of the soil {A and B horizons) no such persistent decrease 
has thus far been observed. 

In soils with an effective size of less than 0.002 naillimeter (Figure 
IXa- 15) the capillaries are narrow enough to prevent the penetration of 
air into the voids, even at a very considerable height above the ground- 
water level. Permanent lowering of the ground-water^ level merely 
produces consolidation not accompanied by entrance of air into the voids. 
No air can get into the voids of the soil unless the soil is subjected to as 
radical and unnatural a process of evacuation as those used by Zunker 
and Lebedeff. For this reason the empirical curve gradually merges 
into the horizontal axis in the vicinity of a point with an abscissa cor- 
responding to an effective grain size of 0.002 millimeter, whereas the 
experimental curves descend steeply toward this axis on the right-hand 
side of this point. 

The preceding analysis indicates that the field value for the degree of 
capillary saturation depends on the intensity and distribution of the annual 
rainfall. According.-to Figure IXa-11 it also depends on the details of the 
stratification and according to Figure IXa-13, h, on the thickness of the 
deposit subject to drainage. Hence even an empirical rule such as that 
represented by the curve E in Figure IXa-15 can be valid for only one well- 
defined set of field conditions. Moisture .data pertaining to thin layers 
of soil subject to drainage in the hunnid Tropics would furnish a curve 
below E, and the corresponding data obtained by sampling thick deposits 
in a hot, arid country would lead to a curve high above E, In contrast 
to this, soil tests made in the laboratory furnish one set of values only, 
such as those represented by the curve L in Figure IXa-15. Hence a 
reliable interpretation of test results could be accomplished only by means 
of a set of empirical curves, similar to E, representing the relation between 
grain size and degree of saturation under different field conditions. 

Pending the future accumulation of the field data required for plotting 
such curves, the following procedure could be used, provided the depth H 
of the layer subject to drainage and the average recharge are known. 
Representative samples of the soil are submitted to a process of centrifug- 
ing, the multiplication factor N being selected in such a fashion that the 

thickness S’ of the sample is equal to ^ H- During the test the loss of 

weight of the samples due to drainage is determined at regular intervals. 
From the data thus obtained, the corresponding average degree of satura- 
tion for the centrifuged sample and the time-discharge curve for the full- 
sized layer with depth H are computed. The degree of saturation for field 
conditions can be expected to be of the same order of magnitude as the 
degree of saturation at which the discharge from the full-sized layer with 
depth H is equal to the average recharge. 
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RATE OF DRAINAGE 

Agronomists and civil and mining engineers are often compelled to 
drain a section of a sedimentary deposit by artificial means such as ditches, 
wells, or drainage galleries. In all such work it is of paramount impor- 
tance to know in advance not only the degree of aeration of the sediment 
after drainage but also the time required to accomplish the desired result. 
In this connection, it is necessary to distinguish between the rate at which 
the water escapes into the drains and the rate at which the water level in 
observation wells descends. These two rates have nothing in common 
except that both approach zero. All the theoretical attempts that have 
been made thus far to compute either of these two rates are based on 
the assumptions that the soil subject to drainage is perfectly incom- 
pressible and that there is no zone of transition between the saturated and 
the drained part of this layer of soil. The degree of aeration of the drained 
part is assumed to be equal to its ultimate value [20, 17, 12]. Each of 
these assumptions involves a radical departure from reality. The prin- 
cipal source of error lies in the assumption that the flow of the water is 
limited to the zone of complete capillary saturation. However the 
theories which take the flow in the zone of 'partial capillary saturation 
into consideration [24 and 25] are so involved that they cannot yet be 
applied to current engineering problems of drainage. Hence, pending 
further developments in this field, the older theories have to be used. 
The difference between reality and the results furnished by the older 
theories is illustrated by Fig. IXa. 13, c. In this figure the dotted line 
B' shows the results of a theoretical computation of the process of drainage 
represented by the empirical curve B. Like the theoretical curve C'c 
in Figure IXa-8, h, representing the rate of capillary rise of water in a 
column of sand, it approaches the asymptote much more rapidly than the 
corresponding empirical curve. 

In 1929 the writer [16] measured the discharge during the drainage of 
two layers of soil, 1.8 meters deep, covering an area of about 18 square 
meters. In one of the tests the material consisted of clean, uniform sand, 
for which Hio = 0.54 millimeter and = 1.70 centimeters, and in the 
other of modified redeposited glacial till, for which De = 0.016 millimeter 
and he = 20 centimeters. The materials were tested in an artificially 
compacted state. In both tests the relation between the theoretical and 
the empirical discharge curves was similar to that between the theoretical 
and empirical curves shown in Figure IXa-13, c — that is, the values 
obtained by theory for the rate of drainage were by far too high. How- 
ever, from an analysis of the test results it was evident that the drainage 
of the coarse sand proceeded without appreciable consolidation. This 
fact justified at least one of the fundamental assumptions of the computa- 
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tion. On the other hand, the drainage of the fine-grained till had no 
resemblance whatsoever to that which the theory of drainage would lead 
us to expect. The discrepancy was chiefly due to the temporary expan- 
sion of gas bubbles contained in the till, associated with the change in the 
state of stress in the water [18]. Thus the theories concerning the rate 
of drainage are not yet satisfactory. In important cases pertinent infor- 
mation could be obtained by means of model tests in the centrifuge. The 
principle of this method is explained in the preceding section. 

DRAINAGE BY EVAPORATION 

In accordance with the prevalent concepts regarding capillary 
phenomena, every process of drainage by gravity should come to an end 
as soon as the weight of the water contained in the voids of the soil becomes 
equal to that which can be carried by the surface tension, regardless of 
the quantity of free water that is still contained in the voids. However, 
the existence of this state of equilibrium also requires that the relative 
humidity of the air in contact with the water should be equal to the 
relative vapor pressure of the liquid, which in turn depends not only on 
the chemical nature of the liquid but also on the curvature of the surface 
films. If this condition is not satisfied, a further loss of water occurs by 
evaporation along the surface of contact between air and water. The final 
result of this process depends on the conditions under which it takes place. 

If a sample of moist soil is completely surrounded by air with a 
constant relative humidity smaller than unity, a state of permanent 
equilibrium is reached as soon as the water content reaches a definite 
quantity depending on the nature of the soil and the relative humidity of 
the air. For every soil under normal atmospheric conditions this equilib- 
rium value represents only a small fraction of the quantity to which the 
water content of the soil can be reduced by purely mechanical means, such 
as energetic centrifuging. Nevertheless, for typical clay soils at room 
temperature it represents an appreciable percentage of the weight of the 
solid constituents. 

If the lower end of a cylindrical sample of most soil is permanently 
immersed in water, the loss of water due to evaporation in the upper part 
of the sample becomes constant as soon as the rate of evaporation becomes 
equal to the rate of recharge by capillary rise through the lower end. 
Hence under this condition the drainage by evaporation tends to establish 
a stationary flow of water from the source of supply toward the zone of 
evaporation. For a given soil the distribution of soil moisture associated 
with the stationary state depends on the height of the sample above the 
source of supply an,d on the rate of evaporation. In the field the drainage 
due to evaporation occurs under similar conditions. However, owing to 
seasonal variations in the rate of evaporation and to the periodic feeding 
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of the top layer by rain water through the top surface, the depth of the 
layer subject to seasonal drainage by evaporation depends essentially 
on climatic conditions. In humid climates it does not exceed a few feet. 
In the semiarid climate of Texas evidence has been found that the seasonal 
desiccation of stiff bentonite clays extends to a depth of more than 20 
feet [11]. In hot, arid climates this depth may be still greater. 

COMMON MISCONCEPTIONS CONCERNING C.A.PILLARY PHENOMENA 

Certain misconceptions have found their way into publications dealing 
with capillary phenomena in soils. 

Some engineers believe that the height of the capillary rise of water 
in soils cannot be greater than the height of about 9 meters to which water 
can rise in the suction tube of a pump. In order to realize the fallacy 
involved in this conception, it suffices to consider the group of facts 
illustrated by a and b, Figure IXa-4. 

Many engineers and even some soil physicists maintain that all the 
water contained in the voids of a soil after centrifuging is kept within the 
voids of the soil by the attraction of the molecules of the solid particles. 
Closely related to this conception is the theory propagated in some publica- 
tions on quicksand phenomena in coal mines, that the “sluggish water” 
does not participate in the movement of the ground water. The term 
‘ ‘ sluggish water ’ ’ is applied to the water that drains out of the sand in an 
advanced state of the process of drainage, in contrast to the so-called 
active water, that drains out during the first period. These conceptions 
are incompatible with our present knowledge of the state of water in the 
voids of porous materials. A departure from the laws of hydraulics can 
be expected only of the water within the zones of adsorption or hydration. 
In soils with an effective grain size of more than about 0.005 millimeter 
this quantity does not exceed a small fraction of the water content of the 
soil after energetic centrifuging. Hence the major part of the water 
content of drained soils coarser than 0.005 millimeter must be considered 
free water, which is retained in the voids by surface tension only. Even 
the finest clays in a plastic state contain a certain amount of free water. 

Finally, some have the conception, illustrated by Figure IXa-16, that 
the capillary forces are capable of resisting the flow through a porous 
material. This figure represents a section through a concrete gravity dam. 
The dotted lines indicate the lines of flow along which the water travels 
under the influence of gravity out of the reservoir toward the downstream 
face of the dam. According to the theory previously mentioned no such 
flow can occur, because the capillary forces are supposed to retain the water 
within the porous concrete. This erroneous conception seems to be due 
to the fact that the downstream face of a concrete dam is usually found to 
be dry. This, however, is merely due to the fact that the rate of surface 
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evaporation is higher than the rate of flow, so that the surface of evapora- 
tion recedes into the interior of the concrete. Along the surface of 
evaporation the menisci are concave as viewed from a downstream direc- 
tion. This causes an increase of the discharge over the quantity corre- 
sponding to a flow under the influence of gravity only [15]. Hence 
the capillary forces have an effect opposite to that corresponding to the 
conceptions previously mentioned. As soon as the surface tension on the 
downstream side is eliminated, for instance, by the wetting of this face 
during a rainstorm, the discharge through the concrete decreases until it 



Fkj. IXa- 16. — Percolation of water through the voids of a concrete gravity dam toward the down- 
stream face. 

becomes equal to the quantity corresponding to a simple gravity flow 
through the dam. 
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IXb. retention and movement of soil moisture 


Leonard D. Baver’ 

The soil contains pores of various sizes and shapes, whose amount 
and nature are determined by the arrangement of the soil particles. Air 
and water relations within the soil are determined primarily by the extent 
and character of the pore space. Water that enters the soil either is 
retained in the pore.s fa part of it later transpired or evaporated) or perco- 
lates through them to lower horizons. Air is found in the pores that are 
not filled with water. In general, the larger pores give soils their aeration 
and permeability; the smaller pores their water-holding capacity. Low 
water-holding capacity, high permeability, and high degree of aeration 
are characteristic of sands; high water-holding capacity, low degree of 
aeration, and low permeability are characteristic of clays. 

The total porosity is not as important for determining moisture 
retention and movement as the relative distribution of the different- 
sized pores. 


RETENTION OF SOIL MOISTURE 

When a drop of water is brought into contact with a dry soil, it wets 
the surface of the particles with a moisture film. This film water is 
under the influence of the molecular forces operating between the soil 
particles and the water. As the thickness of the film increases, the w^ater 
fills the wedges between the particles and air-water interfaces are set up 
within the soil. The addition of more water causes the smaller pores to 
become filled, with the possible inclusion of entrapped air spaces. Finally, 
when sufficient water has been added to fill all the pores in which water 
movement is extremely slow, further additions will result in rapid move- 
ment through the remainder of the pore space. 

Earlier concepts of the retention of soil moisture emphasized prima- 
rily the capillary-tube nature of the soil pore space. Water retention 
was viewed as a function of the tension of the water films around the 
particles, and soil water was classified in three main categories — hygro- 
scopic, capillary, and gra^dtational water. The classical contributions 
of Briggs [5], Bouyoucos [4], Lebedeff [15], and Zunker [31] are major 
examples of the capillary-tube point of view. It was recognized rather 
universally that there was no distinct demarcation between the various 

^ Director, Agricultural Experiment Station, North Carolina State College of Agriculture 
and Engineering, University of North Carolina, Raleigh, N. C. 
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forms of water suggested. Nevertheless, not much stress was placed 
upon the energy relations involved. 

Energy relations in retention of soil moisture 

The importance of the energy relations in soil-water phenomena was 
first recognized by Buckingham [8] in 1907. He assumed that the flow 
of water through the soil was analogous to the flow of electricity through 
a wire. The driving force for water movement originated in the difference 
in attraction for water between any two points within a homogeneous soil 
that did not have the same moisture content. The measure of the attrac- 
tion of the soil for water at a given point was expressed by the term 
“capillary potential.” “Potential” refers to the work that is necessary 
to bring a unit mass from an established reference point to some other 
point ; it is the product of the force per unit mass and the distance of move- 
ment. Thus, if a given mass of water could be pulled away from a given 
mass of soil, a certain amount of work would be required. The work would 
be equivalent to the capillary potential times the mass of water, or the 
work required to overcome the force of attraction for the water at that 
point. As the capillary potential is the work required to pull a unit mass 
of water away from a unit mass of soil, it is defined as the work required 
to move a unit mass of water, against capillary forces in a column of soil, 
from a free water surface to a given point above that surface. Capillary 
pressures are negative because of the greater inward attraction of the water 
molecules at the air-water interface. Because the molecules within the 
liquid exert a greater attraction on the surface molecules than the air, a 
tension or negative pressure is exerted on the surface. Therefore, the 
capillary potential is negative in sign.^ 

The significance of the work required to remove water from the soil 
is well illustrated by the fact that it takes less work to pull a given amount 
of water from a nearly saturated soil than from one that is only slightly 
moist; hence the quantity of work required depends upon the soil and the 
moisture content. The greater the attractive forces, the higher is the 
capillary potential and the greater is the work required to extract water. 

Recent investigations by Gardner [11, 12] and Richards [20, 21] have 
suggested that the capillary potential permits a new interpretation of the 
various constants that have been used rather widely in studies of soil 
moisture (moisture equivalent, field capacity, etc.). Gardner has pointed 
out that the capillary potential appears to be a linear function of the 
reciprocal of the moisture content over a considerable range of the tension- 
moisture curve. 

* A detailed mathematical discussion- of the capillary potential and its analogy to flow 
and thermal potentials may be found in Soil Physics, pp. 198-202, John Wiley & Sons, 1940. 
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Richards [20] studied the influence of texture on the relation of capil- 
lary potential to moisture content in soils (Fig. IXb- 1). Sand has a very 
low moisture content at high negative potentials; clay contains six to 
seven times as much water as sand at the same potential; loam occupies 
an intermediate position between sand and clay. In fine-textured soils 
there are a larger number of contacts between particles than in coarse- 
textured soils. The amount of water at each point of contact is reduced, 
with a corresponding decrease in the radius of curvature of the water 
menisci in the pores. These curves also show that the moisture content 
of the system tends to become constant at the more negative values of the 
capillary potential. Lebedeff [15] has suggested that the forces of molec- 



Moisture Percentage 

Fig. IXb- 1. — Tension-moisture curves of Richards [20]. 

ular cohesion as determined by the properties of the surface are the 
primary cause of water retention at these higher tensions. Veflimeyer 
and Edlefsen [30] state that the accuracy of present methods may justify 
the assumption of a linear relation in the moisture-tension curve between 
the moisture contents of field capacity and permanent wilting. 

The curves in Figure IXb- 1 were obtained by placing the soils in 
contact with a porous plate that was sealed to the top of a rectangular 
reservoir of water. If these soils were placed in tubes that were in con- 
tact with a free water surface and enough time allowed for the water to 
come to equilibrium, the sand would have a moisture content of about 
4 percent at a height of 800 centimeters; the clay would contain about 
28 percent at the same height. 

These curves indicate that the work necessary to remove water from 
the soil is a continuous function of soil moisture. There is no distinct 
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break in any of these curves. It does not necessarily follow, however, 
that there is no change in the nature of the factors that cause the attraction 
and retention of water somewhere along the curve. As Wadsworth [29] 
suggests, the tension-moisture curve may be a “composite of several curves 
in the same coordinates.” Nevertheless, the apparent continuity of the 
tension-moisture curves places any classification of soil water upon a purely 
empirical basis. Even though it could be proved that the two ends of the 
curve represented two different phases so far as the nature of the forces 
involved was concerned, there could be no clear-cut differentiation between 
the two portions of the curve, because of overlapping effects. 

Schofield [24] has attempted to simplify the usage of capillary poten- 
tial in soil-water relations by introducing the term “pF of soil water” to 
express the energy with which water is held by soils. The term “pF” is 
simply the logarithm of the tension, when the tension is expressed in 
centimeters of water. This term has both advantages and disadvantages. 
Its chief merit lies in the fact that the use of the logarithmic scale permits 
the graphing of the relation of tension to moisture content on one simple 
scale. For example, the pF curves in Figure IXb-2 cover a range of ten- 
sions corresponding to 1 to 1,000,000 centimeters of water. Thus, it is 
possible to show the relations of the various soil-moisture constants to 
one another in terms of the energy with which the water is held. The main 
disadvantage in the use of pF is due to the fact that the logarithm of the 
tension as such cannot readily be used in developing the mathematical 
aspects of moisture retention and flow. The same objection holds true 
in using pH instead of hydrogen-ion concentration in acid-base relations. 
It is the writer’s opinion that the convenience of the pF terminology has 
caused more individuals to grasp the significance of energy relations in 
soil-moisture problems than the use of potential functions. It is true, 
however, that the analysis of soil-water phenomena on the basis of poten- 
tial functions should not be sacrificed for the sake of convenience. In 
many problems the use of the linear scale will prove more advantageous 
than that of the logarithmic scale. 

The curves in Figure IXb-2 show that the moisture equivalent occurs 
at a pF of 2.7 to 3; the moisture content at field capacity corresponds to a 
pF of 3.2. If the hygroscopicity at 50 and 99 percent relative humidity, 
the moisture equivalent and the amount of water held at capillary 
saturation were known, an approximate pF curve for a soil could be drawn. 

The capillary potential may be determined by calculations from 
freezing-point depression, by dilatometer and vapor-pressure measure- 
ments [25], by the use of seeds as osmometers [27], by determining the 
water distribution in long soil columns placed in contact with a water 
surface [8], by measuring the water distribution in a soil with porous 
clay cells, or by centrifugal force [20, 23]. Calculations from vapor- 
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pressure measurements are used primarily to obtain data for the dry end 
of the curve; a centrifuge or a porous clay cell is used to obtain results 
for the wet end of the curve. 
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Lebedeff [15] has demonstrated that the moisture content of all soils 
decreases gradually as the centrifugal force increases from 400 to 18,000 
times gravity. At still higher centrifugal forces the moisture content 


Capillary Potential, in gram centimeters per gram 
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changes only slightly. Ohnstead [19] centrifuged soils in an air-driven 
machine at a centrifugal force of 300,000 times that of gravity and reduced 
the moisture content to that of the hygroscopic coefficient. Russell 
and Richards [23], have developed a technique for determining the 
tension-moisture curve between the moisture equivalent and wilting point. 

The most widely used method for measuring the moisture potential of 
soils depends upon the so-called suction force of the soil for water. A 
porous-clay cell, filled with water and connected to a mercury manometer, 
is placed in the soil, and the system is allowed to come to equilibrium. 
As the soil dries out, water moves from the cell into the soil and the mer- 
cury in the manometer rises. As the soil becomes wet, water enters the cup 
and the mercury in the manometer falls. When the w'ater in the soil is 
in equilibrium with the water in the cup, the moisture potential of the soil 
at that moisture content is equal to that represented by the reading of the 
manometer. Such an instrument has been called a “tensiometer” [21, 22]. 
If the maximum tension exceeds 1 atmosphere, air enters the cup, and 
the tensiometer is no longer operative. There is a considerable hysteresis 
effect, and at the same reading of the manometer a soil that is drying out 
has a different moisture content from that of the same soil w'hen it is 
being wetted. The reader is referred to the investigations of Richards 
and his associates [20, 21, 22, 23] for a discussion of various types of 
tensiometers. 

Presstjee deficiencies in relation to the soil pore space 

On the basis of the classical investigations of Slichter [28] and King 
[14], Haines [13] developed a concept of moisture retention and movement 
as related to the tension necessary to pull an air-water interface through 
the cell-like pores of the soil. The fundamental thesis of this concept was 
predicated on the assumption that the tension necessary to drain a pore 
is limited by the tension required to draw the meniscus through one of the 
narrow entries of the pore. The value of the pressure deficiency is deter- 
mined by the narrow sections of the pores when the soil is drying and by 
the wider sections when the soil is being wetted. The individual cell-like 
pore does not fill or empty by smooth reversible changes but shows two 
unstable stages at which filling or emptying is completed quickly; these 
stages represent the entrance or removal of water through the pore 
opening. 

It is interesting to prepare artificial systems of uniform sand separates 
and study the drainage of the pores as a function of the tension. The 
tension-moisture curves in Figure IXb-3 show that as the average size 
of the quartz particles decreases (which also reflects a decrease in pore size), 
the tension required to drain the pores of the system increases. These 
curves point out that it was necessary to bring each separate to a certain 
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tension before any appreciable amount of water was withdrawn from the 
system. The pores drained rapidly when this tension was reached. In 
other words, drainage occurred only when the tension was high enough 
to pull the air-water interfaces through the pores. The relatively flat 
section of the curve suggests that most of the pores had rather uniform 
sizes, which should be expected with fairly uniform separates. Finally, 
after these pores were drained, the different separates came to approxi- 
mately the same moisture content. Apparently, the moisture films were 
discontinuous or very thin at this stage; probably most of the water was 
retained at the points of contact between particles. 



Fig. IXb- 3, — Relation of pF to moisture content in four sand separates. 


When four of these sand fractions are placed in contact with a porous 
plate at the same time (individually through the use of metal partitions), 
saturated with water and subjected to increasing tension, the tension-, 
moisture curve A in Figure IXb-4 is obtained. This curve is a composite of 
the four curves in Figure IXb-3. The four breaks in the curve indicate that 
each separate drained at a tension characteristic for the size of pores of 
the separate. The broken lines represent where each pure separate should 
drain, on the basis of the results shown in Figure IXb-3. Slight differences 
in packing account for the minor variations between the tension-moisture 
curves in the two figures. These results clearly demonstrate that a pore 
is not emptied until a certain tension is reached. When the four separates 
are mixed together in equal volumes and placed oigi a porous plate, curve 
B in Figure IXb-4 is obtained. The total porosity is greatly decreased, as 
the smaller particles fill the voids between the larger ones. The system did 
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not start to drain until a tension equivalent to that necessary to remove 
water from the 100- to 150-mesh^ separate was reached. The curve is 
smooth but has a changing slope between the points where drainage began 
and ceased, and it is not as steep in its upper portion as the four curves 
in Figure IXb-3. This suggests the presence of variable-sized pores 
within the system. Such a curve represents in some degree those obtained 
with soils. Soils, although they vary widely in mechanical composition, 
are composed of particles ranging in size from those of colloidal dimensions 

PERCENT WATER BY VOLUME 



Fig. IXb-4. — Relation of pF to moisture content in four sand separates, (a) Four separates indi- 
vidually in contact with porous plate; (6) four separates mixed together. 


to coarse sand and gravel. Various other factors, however, alter the 
nature of the pore spaces of soils in their natural structure. 

If a layer of sand containing small pores (150- to 270-mesh sand) is 
placed over a layer composed of larger pores (40- to 60-mesh sand), no 
appreciable amount of water is removed from the system until a tension 
necessary to pull the air-water interfaces through the 150 to 270-mesh 
layer is reached, as shown in Figure IXb-5. However, when this point 
is reached, a large percentage of the water is removed from the system 


^ The following table shows the size of the sieve openings corresponding to the different 
mesh numbers: 


Mesh Nb. 
20 
40 
60 
80 


Sieve opening Sieve opening 

(millimeter) Mesh No. (millimeter) 

0.84 100 0.15 

.42 150 10 

.25 270 05S 

.18 
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with very little increase iu teu.sion. If this curve is compared with those 
in Figure IXb-3, it is evident that the final moisture content of the system 
is about 13 percent by volume in Figure IXb-5 as compared with about 
7 percent in Figure IXb-3. The higher moisture content of the system in 
Figure IXb-5 is due to the high water content of the Fs-inch layer of 150- 
to 270-mesh separate. 

The following explanation apparently accounts for these differences 
in moisture content. As soon as the tension necessary to drain the larger 
pores in the surface layer is reached, the menisci are pulled through, 

PERCENT WATER BY VOLUME 



Fig. IXb“5. — Relation of pF to moisture content in a system consisting of 40- to 60-mesh sand 

overlain by 150- to 270-mesh sand. 


thereby establishing an air passage down to the 40- to 60-mesh layer. 
When this occurs, the 40- to 60-mesh material drains immediately, leaving 
a nearly saturated system of fine sand above. After the coarser separates 
drain, no appreciable amount of water is further withdrawn. The 150- to 
270-mesh layer does not have saturated contact with the porou§ plate. 
The water films in the 40- to 60-mesh layer are evidently so thin that 
capillary conductivity is zero and the system approaches a state of 
equilibrium. 

This type of system is often simulated in lysimeter experiments where 
a core of soil is placed over a layer of sand. Also, subirrigation of plant 
beds in greenhouses, where fine-textured soils are placed over beds of 
gravel, often represents a similar situation. 

If an artificial system is prepared where the fine-pored material is 
overlain by coarser fractions, the tension-moisture curve in Figure IXb-6 
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is obtained. In this system the 40- to 60-mesh layer drains at approxi- 
mately its normal tension. When this layer is drained, it is necessary to 
raise the tension before the 150- to 270-mesh layer is drained. As this 
fine-textured layer is in contact with the porous plate, it drains to a 
moisture content of about 6 or 7 percent. 

These experiments on the drainage of pores indicate that the tension 
at which a pore will drain is determined by the force necessary to puli the 
meniscus through the neck of the pore. If the pore has no constriction 
on top, it is drained down to the lower constriction at a tension character- 

PERCENT WATER BY VOLUME 



Fig. IXb- 6. — Relation of pF to moisture content in a system consisting of 150- to 270-mesli sand 

overlain by 40- to 60-mesh sand. 


istic for the wider section of the pore. The rate of drainage, of course, is 
affected. 

If the experiment as shown by the results in Figure IXb- 3 is repeated 
by using uniform aggregates of a soil instead of sand, similar curves are 
obtained. For example, the 40- to 60-mesh aggregates drain at approxi- 
mately the same tension as 40- to 60-mesh sand. The tension-moisture 
curves of the 40- to 60-mesh separates of aggregates from four different 
soils, of zeolite, and of quartz sand are shown in Figure IXb- 7. All these 
separates apparently drain at approximately the same tension. Quartz 
sand represents the only system in which the separates are not porous. 
The major differences between these curves are found in the total porosity 
and the moisture content to which the separates drain. The nonporous 
quartz sand has a total porosity of 36 percent and drains to a moisture 
content of about 6 percent after the major portion of the water is removed 
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(as taken from the change in the slope of the curve). If the difference 
between these two values is considered air capacity, or “ noncapillary” 
porosity at this tension, then sand has a "noncapillary” porosity of 30 
percent. On the other extreme, Fe zeolite has a total porosity of 70 
percent and drains to a moisture content of about 39 percent before the 
curve changes appreciably. This represents a "noncapillary” porosity 
of 31 percent. 

If 30 percent represents the pore space between the particles in the 
({uartz sand, about the same amount of pore space should be expected 
between the aggregates or zeolite particles. If 30 percent is subtracted 
from the saturation percentage, the point falls approximately at the flex 
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Fig. IXb- 7. — Relation of pF to moisture content in 40- to 60-mesh separates of aggregates from four 
different soils, of iseolite, and of quartz sand. 

for all the curves. Apparently, the pores that drain below this point 
represent those between the particles. Water that is withdrawn above 
this point comes primarily from the pores within the aggregates or zeolite. 
The.se curves indicate that the moisture equivalent of soils (pF 2.7) may 
measure the intragranular porosity. As the field capacity (pF 3.0 to 3.2) 
represents the amount of water that is retained after drainage has ceased, 
it seems as if the pores between the particles, especially in a granular soil, 
are those to which aeration is primarily due. 

Equilibhium poi.n'ts for characterizing the retentton of soil 

MOISTURE 

Several so-called equilibrium points have been suggested to character- 
ize moisture retention at different points on the tension-moisture curve. 

The term “moisture equivalent” has been used rather widely to 
(;haracterize the moisture-holding properties of soils. It refers to the 
amount of water which a saturated soil will retain after being centrifuged 
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at a centrifugal force 1,000 times that of gravity. This term was first 
suggested by Briggs and McLane [6] in 1907 to represent the water that is 
held in the smaller pores. Fisher [10] suggested that the moisture equiv- 
alent not only measures the water held in the small pores but also the 
water imbibed by the soil colloids. He centrifuged soils saturated "with 
xylene to obtain an index of the imbibed water. The amount of xylene 
retained is supposed to be equivalent to the pore-space water, and the 
difference between the moisture and xylene equivalents is considered an 
index of the imbibed water. This method has several possibilities for 
determining the relative hydration of different soils. 

The curves in Figure IXb-2 show that the force with which water is 
held by a soil at the moisture equivalent corresponds to a pF of about 2.7. 
Capillary conductivity near this moisture content is very low, according 
to the investigations of Moore [18]. Figure IXb-7 indicates that most of 
the water retained by various aggregates at tensions above those corre- 
sponding to a pF of about 2.0 is held in the pores within the aggregates. 
Therefore, it seems that the moisture equivalent of an aggregated soil 
may be a fairly close measure of the water that is held within the pores of 
the aggregates. 

The moisture equivalent has been used by several investigators as a 
means of expressing texture. Veihmeyer and Hendrickson [29] have 
observed that the moisture equivalent gives a fairly reliable measure of the 
field capacity of fine-textured soils. 

The “field capacity,” another commonly used moisture term, has 
been defined by Veihmeyer and Hendrickson [29] as “the amount of water 
held in the soil after the excess gravitational water has drained away and 
after the rate of downward movement of water has materially decreased.” 
It has been called field-carrying capacity, normal field capacity, normal 
moisture capacity, and capillary capacity. Early studies by Alway and 
McDole [1] showed that when soils were wetted from above they drained 
to a uniform moisture content of about 2.5 times the hygroscopic coeffi- 
cient (which was determined at a relative humidity of approximately 98 
percent). These results have been confirmed by the work of later investi- 
gators. Alway and McDole, as well as Veihmeyer and Hendrickson, 
have observed that the field capacity of sands is higher than the moisture 
equivalent but that the field capacity of loams is about the same as the 
moisture equivalent. The curves in Figure IXb- 2 show that water is 
held in these soils at a tension equivalent to a pF of about 3.0 to 3.2 at 
field capacity. 

The “wilting point” is a term suggested by Briggs and Shantz [7] to 
denote the moisture content at which the soil cannot supply water at a 
rate suflBcient to maintain the turgor of the plant; consequently, the plant 
wilts. All plants apparently reduce the moisture content of a given soil to 



376 


HYDROLOGY 


about the same value before wilting occurs. Sunflowers are used most 
commonly for measuring the wilting point directly; all indirect methods 
are not satisfactory. 

As noted in Figure IXb-2, the wilting point corresponds to a tension 
equivalent to a pF of about 4.2. Water is probably held as a thin film 
around the individual soil particles at this tension. As capillary con- 
ductivity is practically zero at these low moisture contents, water move- 
ment takes place primarily in the vapor phase. It is possible, however, 
that plants may extract water from the soil at moisture contents lower 
than the wilting point, if the roots are in direct contact with the moisture 
films. 

If plants wilt permanently at the wilting point, and if soils usually 
drain to the moisture content of the field capacity, it is obvious that the 
moisture difference between the field capacity and wilting point represents 
the amount of available water in the soil. Therefore, the nature of the 
tension-moisture curve is an index of water availability. A steep curve 
between these two points indicates that the water is held very tightly, 
a condition that corresponds to a low amount of available water. A 
gently sloping curve indicates fairly good availability of the soil water. 

The “hygroscopic coefficient” is one of the oldest soil-moisture 
constants. It represents the adsorbed water on the surface of the soil 
particles. Various air humidities have been used to measure the hygro- 
scopic coefficient or hygroscopicity of soils. Mitscherlich, in Germany, 
used a relative humidity of 94.3 percent, which is produced in air in contact 
with a 10 percent solution of sulphuric acid; the hygroscopic coefficient at 
this humidity is equivalent to a pF of 5. The Rothamsted investigators 
have used a relative humidity of 50 percent, and the hygroscopic coefficient 
obtained corresponds to a pF of 6. Workers in the United States Depart- 
ment of Agriculture have employed relative humidities of 98.2 and 74.9 
percent, and the hygroscopic coefficients obtained correspond to pF values 
of 4.5 and 5.6, respectively. The normal definition of hygroscopic coeffi- 
cient in the United States refers to the amoimt of water adsorbed by .a 
soil in a saturated atmosphere. 

All these values are foxmd on the dry end of the tension-moisture 
curve. The individual values represent only certain equilibrium points on 
the vapor pressure-moisture curve. They provide an index of surface 
adsorption, for the attractive forces in the surface of the soil colloidal 
material cause the adsorption. 

MOVEMENT OF SOIL MOISTURE 

The movement of water through a given volume of soil must take 
place through the soil pore space. The type and rate of movement will 
be related to the properties affecting the nature of this pore space. Water 
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movement may occur in the liquid or the vapor phase. Movement in the 
liquid phase is brought about either by the action of gravity or by capillary 
forces, alone or in combination. According to the dominance of the 
moving force, water movement may be considered with reference to 
unsaturated soils, where movement occurs in the presence of numerous 
air-water interfaces, or with reference to saturated soils, where the large 
pores are involved and movement occurs primarily under the influence of 
gravity. 

Movement in the liquid phase in unsaturated soils 

In an unsaturated soil the larger pores are filled with air, and numer- 
ous air-water interfaces exist. The distribution and movement of water 
may be in any direction, depending upon the forces involved. The 
dominant moving force is the capillary or moisture potential. Bucking- 
ham [8] defined the flow of water under these conditions as follows: “We 
must think of it as a current of water through the soil; and as a measure of 
the strength of the capillary current at any point we may take the amount 
of water which passes in one unit of time through a unit area of an imagi- 
nary plane surface perpendicular to the direction of motion.” This 
definition is similar to those characterizing the flow of water through 
pipes, the flow of electricity, and the flow of heat. 

In the flow of water through pipes, the rate of flow is proportional to 
the difference in pressure head times the conductance. The rate of flow 
across a given cross-sectional area of the pipe is proportional to the con- 
ductance times the potential gradient. In other words, the rate of flow 
is proportional to the fall in pressure head per unit length times the 
gravitational constant g. A potential gradient has both magnitude and 
direction (potential has only magnitude). 

This means that the potential gradient is the change in potential per 
unit distance in the direction of the maximum rate of increase of the 
potential. 

Inasmuch as flow always takes place from a higher to a lower poten- 
tial, the rate of flow of water through a pipe can be expressed by the 
equation 

Rate of flow = —K grad 11 (1) 

in which K is the conductance of the pipe and grad 11 is the potential 
gradient. Similar analogies can be developed for the flow of heat or of 
electricity. 

The capillary flow of water through soils can be analyzed in a com- 
parable manner. The flow of capillary water may be expressed as follows : 


Q = —K grad 


( 2 ) 
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in which Q is the capillary current density, or the mass of water which in 
1 second passes through 1 square centimeter of an imaginary plane 
perpendicular to the direction of flow, K is the capillary conductivity, and 
grad 'i' is the capillary potential gradient. Equation 2, however, applies 
only to horizontal flow. A.s the force of gravity enters into vertical flow, 
the gravitational potential gradient must be considered under these 
conditions 

F=-Xgrad<h (3) 

in which V is the volume of flow, grad ■J' is the change in the total water- 
moving force per unit distance, and K is the .specific conductivity. Grad 
in equation 3 is equal to grad ^ -f- grad (t> (the gravitational potential 
gradient). 

Equation 3 indicates that the movement of moisture in soils is a 
function of a potential gradient or driving force and the conductivity of 
the system. Rapid flow takes place only when both conductivity and 
potential gradient are large. Slow water movement results if either or 
l)oth of these factors are small. The greater the difference in moisture 
content between any two point.s in the soil, the greater will be the potential 
and the more rapid will be the movement of water, if capillary conductivity 
Ls not zero. If a dry soil is placed in contact with moist soils with different 
degrees of wetness, water will move into the dry soil faster from the wetter 
soils than from the drier. This is a case of difference in potential. 

Capillary conductivity is related to the nature of the soil and its 
moisture content. The characteristics of the soil are evaluated in the 
con.stant K. Buckingham [8] recognized that capillary conductivity 
increased w'ith the moisture content and with the size of the pores. Tex- 
ture and structure affect capillary conductivity by influencing the number, 
size, and continuity of the pores. Gardner [11], using the term “capillary 
traiusmission constant” to characterize capillary conductivity, found that 
packing had a large influence on conductivity. The capillary tran.smis- 
sion constants for extremely loose, well-packed, and natural soils were 
— 1.8 X 10~®, —5.4 X 10~®, and —8.7 X 10"®, respectively. The con- 
ductivity of the natural field soil included both gravitational and capillary 
flow. The pores in the extremely loose soil were evidently too large to 
provide adequate contacts of moisture films. Those in the well-packed 
soil apparently were so small that there was considerable resistance to 
flow. 

Recent experiments by Moore [18] have indicated that capillary 
conductivity approaches zero at moisture contents below the moisture 
equivalent, owing, perhaps, to a discontinuity of moisture films. At a pF 
of 2 the capillary permeability of various soils was found to increase in 
the following order: Band, fine sandy loam, light clay, and clay. Capillary 
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conductivity was practically zero at the following moisture contents for 
the same soils: Sand, 5.0 percent at a pF of 1.9; fine sandy loam, 20.4 per- 
cent at a pF of 1.96; light clay, 24.6 percent at a pF of 2.08; and clay, 
25.9 at a pF of 2.15. The water films that cause capillary movement 
apparently become discontinuous at much lower tensions in sands than in 
clays. Clays have a large number of small pores; sands have a smaller 
number of larger pores . These data discount the popular concept that there 
is considerable capillary movement in soils. If soils normally drain to a 
pF of about 3.0 at field capacity, and if capillary conductivity is practically 
zero at moisture contents less than field capacity, it is rather obvious that 
plant roots must permeate the soil rather thoroughly to make the most 
efficient use of soil moisture. The results obtained by IVIoore have not 
been confirmed completely by other investigators, and there are some data 
which suggest capillary movement at low moisture contents. Neverthe- 
less, he has stimulated considerable interest in the nature and significance 
of moisture movement at low capillary conductivities. 

The downward movement of water by capillarity occurs under the 
combined effects of the capillary potential gradient and the gravitational 
potential gradient. If evaporation is prevented at the surface, water will 
move downward until the soil is drained or until equilibrium is attained 
with an impermeable layer or a saturated layer. Alway and McDole [1] 
observed that water moved downward until the moisture retained in the 
soil at equilibrium was about 2.5 times that at the hygroscopic coefficient. 
This would correspond to a pF of about 3.0, as determined from the pF 
curves in Figure IXb-2, and is equivalent to “field capacity” or the 
moisture content of “zero capillary conductivity.” Alway and McDole 
observed that each soil retained the same amount of water at equilibrium, 
irrespective of its place in a soil column containing six different soils. 

Considerable difference of opinion exists concerning the height to 
which water will move by capillarity from the subsurface layers as the 
surface becomes dry. Alway and McDole came to the conclusion, on the 
basis of their experiments, that the deep subsoil contributes little water 
to the growth of annual plants. Upward movement below a depth of 12 
inches was very slow at moisture contents approximating field capacity. 
These observations tend to confirm the laboratory data of Moore on the 
relation of tension to capillary conductivity. Rotmistrov, of Russia,, 
has also suggested that water does not move to the surface of soils by 
capillarity from depths greater than 16 to 20 inches. On the other hand, 
McGee [17] has estimated that 6 inches of water annually is brought to the 
surface by capillarity from depths as great as 10 feet. More recent results 
by Richards and his coworkers [22, 23], who used tensiometers, have 
indicated that there was an upward movement of capillary water in the 
Marshall silt loam from as great a depth as 24 inches. 
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Most of the experimental evidence, therefore, points out that the 
upward movement of water by capillarity is not as great as earlier investi- 
gators have led us to believe. The theory of the dust mulch as a conserver 
of soil moisture, which was originated from interpretations of some of the 
experiments by King, has been revised considerably in light of recent 
developments in the knowledge of capillary movement. The experiments 
of Call and Sewell in Kansas, Veihmeyer in California, and others have 
shown that a dust mulch is not necessary to conserve water. These 
experiments are easily interpreted when we consider that the movement of 
water in soils is very slow at moisture contents below the field capacity. 
When the soil dries out on the surface, a layer of zero capillary conductivity 
is automatically established. Unless the soil capillaries are in immediate 
contact with a free water surface or a water table, a dust mulch should 
not be expected to be necessary for the conservation of moisture. 

The slow movement of water at moisture contents between field 
capacity and the wilting point raises the question as to the availability of 
soil water to plants. If the plant roots extract water from a given volume 
of soil and there is such slow movement from other portions of the soil in 
the vicinity of the roots, how can the plant remove water from the soil? 
The answer to this question seems to be associated with the fact that the 
complete utilization of soil moisture is dependent upon an extensive root 
system of the plant. In other words, the greater the contact between 
roots and soil the greater will be the number of water films that are in 
contact with growing roots. Hence, as a plant root removes water from 
a small volume of soil, the root grows and is brought into contact with 
more moist areas. This fact is well illustrated by the extensive root 
systems of plants in the semiarid regions. 

By way of summary, the movement of water in unsaturated soils, 
where capillary forces are most dominant, is determined by the capillary 
conductivity of the soil and the magnitude of the driving force, as related 
to the difference in moisture content from one point to another. A proper 
evaluation of the conductivity and potential factors in the flow equation 
is necessary to understand the availability of water to plants and changes 
in soil-moisture content. 

Movement in saturated soils 

The movement of water in saturated soils takes place through pores 
that contain little air, though it is realized that this condition is rarely 
attained. Darcy’s law for the special case of horizontal flow states that 
the velocity of flow through a column of soil is directly proportional to the 
difference in pressure head and inversely proportional to the length of the 
column. In order to interpret Darcy’s law in terms for flow in any dtrec- 
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tion the difference in “hydraulic head” rather than “pressure head” 
should be used. According to this terminology 

V = kj 14) 

in which V is the flow in cubic centimeters per square centimeter per 
second, I is the length of the column in centimeters, H is the difference in 
hydraulic head in centimeters, and k is the coefficient of permeability or 
permeability constant. This constant is a function of soil characteristics, 
particularly the amount and character of the soil pores. 

The exact relation between soil porosity and permeability is not yet 
fully understood. A proper evaluation of the porosity factor in the 
permeability constant is desirable for a better understanding of flow 
equations under a variety of soils and soil conditions. Slichter [28], 
Zunker [31], Kozeny [31], and others have made concerted attempts to 
modify Darcy’s law in order to include pore-space relations. 

There is adequate evidence to show that the size, density of packing, 
and hydration of soil particles greatly influence permeability. Bodman [3] 
has shown that textural differences have no appreciable effect on permea- 
bility at very high apparent densities when the soil is of finer texture than 
fine sandy loams. *Lutz [16] has demonstrated that the hydration of the 
clay particles determines the permeability of colloidal clays. 

The use of total porosity, however, does not give the correct picture 
for understanding soil permeability. The size and distribution of the 
pores is of much greater importance. A soil with a high content of large 
pores is readily permeable to water. This fact was recognized as early 
as 1864, when Schumacher [26] developed the concept of capillary and 
noncapillary porosity. He observed that the amount of noncapillary 
pores (large enough not to hold water at relatively low tensions) usually 
determined the permeability of a soil. Burger [9] found that soils with 
low air capacities (small amount of noncapillary pores) usually had low 
percolation rates. 

Although the use of noncapillary porosity to characterize pore sizes is 
rather advantageous as affording a simple explanation of the effect of 
porosity on soil-moisture relations, it leaves much to be desired from a 
purely technical sense. The tension at which a soil is drained to obtain 
information on the content of the so-called noncapillary pores will affect 
the amount of these pores. Recent experimental results [2] suggest that 
soil permeability is closely related to the shape of the tension-moisture 
curve (pF). In the first place, the amount of water that is withdrawn 
from zero tension to that of the flex point of the curve (this may be called 
the noncapillary porosity as measured at this tension) is closely associated 
with the percolation rate of the soil. This quantity is a measure of the 
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number of large pores ; the greater this quantity, the higher is the percola- 
tion rate. 

In the second place, the tension at which the flex point of the curve 
occurs also is related to permeability. The higher the pF of the flex 
point, the slower is the rate of percolation. It seems that the height of 
the flex point is an index of the size of dhe pores. This fact is suggested 
by the curves in Figure IXb- 3. The higher the tension necessary to drain 
these pores, the smaller will be the pores and consequently, the lower will 
be the permeability of the soil. 

In the third place, there is a tendency toward greater permeability 
as the slope of the curve from zero tension to the flex point decreases. A 
steep curve signifies rather uniform pores of a given diameter; a sloping 
curve, on the other hand, suggests that pores of different sizes are present. 
Permeability will increase with an increase in the number of larger pores. 

If a soil is compressed and the effect of this compression on the shape 
of the tension-moisture curve and on soil permeability is determined, 
several important changes are noted. There is a decrease in total porosity 
and in the content of large pores. There is an increase in the pF of the 
flex point and in the slope of the curve from zero tension to the flex point. 
These changes indicate that compression decreases the amount and size 
of the pores. The percentage decrease in the number of large pores is most 
significant. 

Present information, therefore, indicates that the various portions of 
the tension-moisture curve, especially at the lower tensions, reflect certain 
characteristics of the soil pore space that are closely related to permea- 
bility. The amount, size, distribution, and perhaps continuity of the soil 
pores undoubtedly contribute to soil permeability.^ The continuity of 
the soil pores, although difficult to evaluate, probably plays a greater part 
in water movement through soils than is usually considered. 

The question arises as to the possibility of suggesting some empirical 
tension for measuring the content of large pores (noncapillary porosity) 
that would have routine practical value. Numerous experiments by the 
writer and his associates have indicated that a pF of about 1.7 can be used 
to provide very useful information on soil porosity in relation to soil per- 
meability. It is hoped that future researches will more adequately 
characterize the tension-moisture curve in terms of soil characteristics, so 
that the present empiricism can be avoided. 

The downward movement of water in soils must take place through 
different zones that have varying physical characteristics. The porosity 
and permeability of each zone may also vary greatly. If a soil is saturated 
with water, the rate of downward movement is restricted by the permea- 
bility of the least pervious zone. An analogy to the rate of flow of water 
through a funnel with a constriction in the stem illustrates the situation 
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that often occurs in soil. An impermeable layer in the subsoil may deter- 
mine the hydrology of the entire profile. 

Finally, by way of summary, it can be stated that the downward 
movement of water by gravitational forces in natural soils is related (1) to 
the amount, size, and continuity of the larger pores as determined by soil 
structure, texture, volume changes, and biologic channels froot channels, 
worm holes, etc.) ; (2) to the hydration of the pores; and fS) to the resist- 
ance of entrapped air, if a rapid entrance of water into the soil does not 
permit the complete escape of the air in the soil pores. 
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CHAPTER X 
GROUND WATER 

xa. occurrence, origin, and discharge of ground water 

Oscar E. Meinzer* 

INTRODUCTION 

The water that occurs below the surface of the land is invisible and 
relatively inaccessible and has consequently always possessed an aspect 
of mystery. What is the mode of its occurrence; what is its quantity; 
whither does it come; is it stationary or in motion? If in motion, what is 
its destination and its rate of movement, and what are the forces that pro- 
pel it through the earth? What chemical work does it perform upon the 
rocks through which it moves? What causes it in some places to ooze 
almost imperceptibly from the ground and in other places to gush from the 
rocks in great volume — clear, cold, and pure, or boiling hot, or bubbling 
with various gases, or supercharged with dissolved minerals which it 
deposits upon the surface? These are some of the questions that confront 
the hydrologists who endeavor to look below the surface. They are ques- 
tions of almost infinite complexity, involving a great amount of physics 
and chemistry and almost the whole field of geology. 

The water that occurs beneath the land surface is called subsurface 
water, underground water, or subterranean water. It can be divided into 
two parts. The water that occurs in the zone of saturation, from which 
the springs and wells are supplied, is commonly called ground water, but 
the Greek term “plerotic water” has recently been suggested for it by the 
writer [23]. The water that occurs between the land surface and the zone 
of saturation has been called suspended water, but the Greek term “kre- 
mastic water” has been suggested for it as a companion to the term 
“plerotic water.” 

The springs and spring-fed streams attracted the attention of the 
ancient philosophers and caused the subject of ground Tvater to be men- 
tioned in many places in the early literature of different peoples. The 
very ancient practice of tapping the earth by means of wells to obtain 
water supplies, not only for domestic use and live stock but also for irriga- 
tion, resulted in the early development of a certain amount of practical 

^Geologist in charge, Division of Ground Water, Geological Survey, United States Depart- 
ment of the Interior, Washington, D. C. In the preparation of parts of this chapter the 
writer was- effectively assisted by Vinton C. Fishel, of the Geological Survey. 
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knowledge concerning the occurrence of the ground water. The basic 
scientific concepts in regard to ground water owe their origin in part to the 
philosophic interest in springs but probal^ly more to the practical interest 
in water supplies from wells. 

Geology affords the framework on which ground-water hydrology is 
built; more accurately, it deals with the stratigraphy and structure of the 
rock formations that make up the great and intricate systems of natural 
waterworks the functioning of which forms the essential part of the sub- 
ject of ground-water hydrology. Therefore, although earnest attempts 
were made by Vitruvius and others to give useful information as to the 
water-bearing properties of different rocks, the subject of ground-water 
hydrology could not be far developed until the fundamental principles of 
geology were established near the close of the eighteenth century. 


FUNDAMENTAL CONCEPTS 


Rocks as keceptacles of water 

Perhaps the most fundamental concept in ground-water hydrology is 
that of the interstices of the rocks — the open spaces that form the recep- 
tacles and conduits of the ground water [24, p. 109]. 






Fig. Xa-L — Diagram showing several types of rock interstices and the relation of rock texture 
to porosity. (A) Well-sorted sedimentary deposit having high porosity; (jB) poorly sorted sedimen- 
tary deposit having low porosity; (C) well-sorted sedimentary deposit consisting of pebbles that 
are themselves porous, so that the deposit as a whole has a very high porosity; (D) well-sorted sedi- 
mentary deposit whose porosity has been diminished by the deposition of mineral matter in the 
interstices; {M) rock rendered porous by solution; (F) rock rendered porous by fracturing. (After 
U. S. Geot. SuTtey Water-Supply Paper 489.) 


The rocks differ very widely in the size, shape, and arrangement of 
their interstices and in the aggregate volume of interstitial space, and these 
differences are of fundamental significance in hydrology. The openings 
range in size from the huge limestone caverns and lava tubes through all 
gradations to the minute pores that are too small to be seen with a micro- 
scope and that come within the obscure domain of molecular physics. 
(See Fig. Xa-1.) 
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The interstices are generally irregular in shape, but different types of 
irregularities are characteristic of rocks of different kinds. In most rocks 
the interstices are connected, so that the water can move from one opening 
to another, but in some rocks they are largely isolated and there is little 
opportunity for the water to percolate. The stratification of most sedi- 
mentary rocks produces a laminar arrangement of the interstices that is of 
fundamental importance in the movement of the water. 

Geology is concerned primarily with the solid parts of the rocks, and 
hydrology with their open spaces or interstices. However, the interstices 
are the products of the geologic agencies which through long ages have 
been at work on the materials of the earth, forming and altering the rocks 
and developing their structure. 

The interstices of the rocks can be grouped in two great classes — the 
original interstices, which were formed when the rocks came into existence, 
and the secondary interstices, such as joints, fissures, and solution pas- 
sages, which were developed later. Very generally the original interstices 
have undergone more or less radical change by solution, cementation, 
recrystallization, or other processes. The greatest amount of study has 
been devoted to the interstices of the granular sedimentary deposits, such 
as sand and sandstone. 


Porosity 

The porosity of a rock is its property of containing interstices. It is 
expressed quantitatively as the percentage of the total volume of the rock 
that is occupied by interstices or that is not occupied by solid rock mate- 
rial. A rock is said to be saturated when all its interstices are filled with 
water. In a saturated rock the porosity is practically the percentage of 
the total volume of the rock that is occupied by water. 

The porosity of a sedimentary deposit depends chiefly on (1) the 
shape and arrangement of its constituent particles, (2) the degree of 
assortment of its particles, (3) the cementation and compacting to which 
it has been subjected since its deposition, (4) the removal of mineral 
matter through solution by percolating waters, and (5) the fracturing of 
the rock, resulting in joints and other openings. Well-assorted deposits 
of uncemented gravel, sand, and silt have high porosity, whether they con- 
sist of large or small grains. If the material is poorly sorted small particles 
occupy the spaces between the larger ones, still smaller ones occupy the 
spaces between these small particles, and so on, with the result that the 
porosity is greatly reduced. Boulder clay, which is an unassorted mixture 
of glacial drift containing particles of great variety in size, may have a 
very low porosity, whereas outwash gravel and sand, derived from the 
same source but assorted by running water, may be highly porous. The 
porosity of the different rock materials ranges through all gradations, 
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from 80 or perhaps 90 percent in such jellylike substances as newly depos- 
ited delta material down to a fraction of 1 percent in the most compact 
rocks and perhaps to zero deep in the earth, where the weight of the over- 
lying rocks is sufficient to close all the openings. 

Mecluinical composition 

The determination of the mechanical composition of incoherent 
materials consists in separating into groups the grains of different sizes 

DIAMETER OF GRAIN (MILLIMETERS) 



Fig. Xa-2. — Accumulative curves of mechanical composition of typical materials. 


and determining what percentage, by weight, each group constitutes. 
According to standard methods used by the United States Department of 
Agriculture, which has made thousands of mechanical analyses of soils, 
the following arbitrary limiting diameters, in millimeters, were adopted. 
However, hydrologists generally regard material as sand up to at least 
2 millimeters. 

Fine gravel, 2 to 1. 

Coarse sand, 1 to 0.5. 

Medium sand, 0.5 to 0.25. 
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Fine sand, 0.25 to 0.1. 

Very fine sand, 0.1 to 0.05. 

Silt, 0.05 to 0.005. 

Clay, less than 0.005. 

The sizes of the interstices are determined largely by the mechanical 
composition — not only by the sizes of the grains but also by their assort- 
ment. Thus a sand with a small admixture of clayey material may be a 
much poorer water-bearing material than a clean sand of similar appear- 
ance because its interstices are in part filled with clay. 

The mechanical composition of several representative materials is 
shown by means of the curves in Figure Xa-2. Obviously the more nearly 
uniform the grains of the material the 
steeper is its curve. To give simple 
quantitative expression to the coarseness 
and degree of assortment of a material the 
terms “effective size” and “'uniformity 
coefficient” were proposed by Allen Hazen. 

(See Chapter IXa.) In Figure Xa-2 the 
10 percent and 60 percent sizes can be 
determined by inspection. The 10 percent 
size is called the effective size and the 60 
percent size divided by the 10 percent size 
gives the uniformity coefficient. Thus the 
uniformity coefficient is unity for a material 
whose grains are all of the same size, and it 
increases with variety in size. 

Forces controlling water in rocks 

In ground-water hydrology the force 
of molecular attraction is of fundamental 
significance. This is the attraction of the 
rock surfaces for the molecules of water 
near them and the attraction of the water molecules for onje another 
[24, pp. 19-21]. The attraction of the rock surfaces for the water is 
illustrated by the film of water that adheres to a pebble after it has 
been immersed in a body of water. (See Figure Xa-3.) Molecular 
attraction may be the controlling force in materials that have small inter- 
stices and a great aggregate area of rock surface that comes into contact 
with the water, as in the ordinary granular materials. (See Figure Xa-4.) 
Thus a cubic foot of water-bearing sand may have several thousand square 
feet of rock surface forming the walls of its interstices, and a cubic foot of 
silty or clayey material may have an acre or even a few acres of rock sur- 



Fig. Xa-3. — Diagram showing how 
a liquid clings to solid particles against 
the pull of gravity. Drawn from a 
photograph by L. J, Briggs in which oil 
and rubber balls about 1 inch in diam- 
eter were used to illustrate the principle 
involved. 
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face. Although the wetted grain may not exert much molecular force 
and the quantity of water held by it may be negligible, the aggregate of 
thousands of square feet of rock surface within each cubic foot of rock 
material will exert a powerful force that may be the controlling factor in 
the behavior of the ground water. Thus ground-water hydrology is not 
merely the application of ordinary hydraulics to the water in the rock 
formations, but because of the powerful influence of the molecular forces 
it has its own basic principles and data and requires a distinctive technique. 

A simple experiment is sometimes performed to illustrate the effects 
of molecular attraction in ground-water hydrology. A sample is taken 
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Fig. Xa-4. — Diagram showing the relation between size of interstices and quantity of water 
controlled by molecular attraction. {R) Solid rock; (/) large interstice; {%) small interstices; (a) 
films of water held by attraction of rock -walls, Speciman B has no more porosity than Speciman A 
but its total interstitial surface and hence the total quantity of -water controlled by molecular attrac- 
tion is four times as g-reat. (After U. S. GeoL Survey W ater- Supply Paper 489.) 

from a sand formation that is known to yield w'ater freely to wells. The 
sample is placed in a test tube, and water is added to it in measured 
quantities until it is saturated. -When, however, an attempt is made to 
drain some of the water out of the sample of this productive sand, it may 
not surrender even a single drop. This little experiment serves as a 'warn- 
ing that experiments with water-bearing materials may give wholly 
erroneous results unless the distinctive effects of molecular attraction are 
taken into account. 

Hydrologic properties of rocks 

It has been found that the ordinary geologic descriptions of rocks are 
entirely inadequate to indicate their hydrologic properties; moreover,' a 
casual inspection of a material may lead to very erroneous conclusions as 
to its hydrologic properties. The two properties of a rock material that 
most largely determine the behavior of its contained water and its produc- 
tiveness as a water-bearing formation are its specific yield and its permea- 
bility. Both of these properties are determined by the character of the 
interstices and the resultant effects of molecular attraction. The specific 
yield relates to the storage capacity of the rocks ; the permeability relates to 
their capacity to transmit water. -When the hydrologic laboratory of the 
Geological Survey was established in 1923 a plan was devised for setting 
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up a quantitative hydrologic classification or definition of the granulai 
rock materials, by determining their mechanical composition, porosity, 
moisture equivalent, and permeability [39]. The value of the first three 
of these determinations lies chiefly in the information that they give as to 
the specific yield but they also give indirect information as to the permea- 
bility of the material. 


Specific yield 

The total quantity of water stored in a saturated rock formation can 
be found by ascertaining its thickness and areal extent and determining its 
porosity. However, a part of the stored water can have no share in 
supplying springs or wells; it is held imprisoned in the rocks; in the 
language of hydraulic engineers it may be said to be in dead storage. 

In cavernous limestones, broken and unweathered lava rocks, and 
clean gravel the amount of water thus held in dead storage is practically 
negligible; in coarse and well-assorted sands it is appreciable but still 
small; in fine sands the amount held may equal or exceed the amount that 
is free to move; and in silty and clayey materials all the water may be 
held, even though their porosity and hence their water content may be 
high. 

Investigations pertaining to the effects of molecular attraction upon 
the water in the earth were made by Perrault about 250 years ago. Since 
his time the subject has been studied by many investigators in different 
countries, chiefly in the later part of the last century and in the present 
century. These investigations have pertained chiefly to the studies of 
soil, such as the work of Hilgard and later that of Briggs and many others. 
In part they related to studies of filter sands, such as the work of Hazen, 
and in part to ground-water studies, such as some of the work of King. 
In 1923 the terms “specific retention” and “specific yield” were proposed 
by the writer [25, p. 28] to designate respectively the water which is held 
and that which is free to drain out of a material under natural conditions, 
in percentages of the total volume of the rock. These terms have now 
become well established. In recent years much intensive work has been 
done in connection with the quantitative studies of ground water to 
differentiate between these two conditions and to develop laboratory and 
field methods of determining them. This work has produced some practi- 
cable methods of procedure but has also brought to light the great com- 
plexity of the subject [31, pp. 114r-116; 32]. 

The moisture equivalent of a material is the ratio of (1) the weight of 
water which the material, after saturation, wiU retain against a centrifugal 
force 1,000 times the force of gravity to (2) the weight of the material when 
dry. This arbitrary device for expressing the hydrologic character of a 
material by means of a standardized laboratory test was used by Briggs 
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and McLane [4] early in the present century as an aid in studying the 
hydrologic properties of soils in relation to the water supply of plants. 
In ground-water work the naoisture equivalent, converted from percentage 
by weight to percentage by volume, has been found useful because it 
approximates the specific retention. Thus an estimate of the specific yield 
can be obtained by subtracting the moisture equivalent from the porosity, 
and a somewhat closer approximation can be obtained by first computing 
the specific retention from the moisture equivalent, by a method such as 
that devised by Piper [32], and then subtracting this computed quantity 
from the porosity. 

Evidently these laboratory methods cannot be applied to consolidated 
rocks in which the principal water conduits are the joints, fissures, or 
solution passages. In recent work, however, much emphasis has been 
placed on field methods of determining specific yield, and these methods 
are more or less available for rocks of all types. 

Permeability 

A rock that is solid throughout is regarded by the hydrologist as 
having no capacity to hold or transmit water, although he recognizes the 
possibility of obscure processes of intermolecular movement that might 
conceivably have significant effects in the long course of geologic time. 
A rock that has isolated interstices may contain some water but is never- 
theless also hydrologically inert. Materials such as the clays, which 
contain interconnecting interstices that are so small that their water is 
effectively held by molecular attraction, are apparently entirely impermea- 
ble under the pressures that normally occur in nature, but there is evidence 
that water or oil may migrate very slowly through them under pressure. 
The problem of movement in these dense materials has been attacked from 
different angles but is still obscure. 

It is considered that the materials which contain interconnecting 
interstices of sufficient size that the molecular attraction of their walls does 
not extend entirely across them have more or less permeability. Saturated 
materials of this kind contain water that is free to move in response to any 
hydraulic gradient. The degree of permeability differs very widely with 
the porosity and especially with the size of the interstices. Recent studies 
are related largely to the development of reliable and practicable methods 
of determining the permeability of specific formations. (See Chapter Xb . ) 

Zones op aehation and saturation 

The permeable rocks that lie below a certain level are generally 
saturated with water under hydrostatic pressure, that is, under hydro- 
static pressure in excess of the atmospheric pressure. Their interstices 
are filled with water that is called ground water or plerotic water. These 
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saturated rocks are said to be in the zone of saturation. The water that 
enters from the surface into the'^rocks of the earth is drawn down by 
gravity to the zone of saturation except as it is held by the molecular 
attraction of the walls of the interstices through which it passes in its 
descent. The permeable rocks (including the soil) that lie above the zone 
of saturation may be said to be in the zone of aeration (a relatively new 
term that was proposed by the writer). Some of the interstices in this 
zone are also filled with water, but the water is either held in them by 
molecular attraction or is moving downward toward the zone of saturation 
[ 24 , 25 ]. 

Impermeable rocks may be found within the zone of saturation, 
within the zone of aeration, or between these two zones, but they are in a 
sense not functional parts of either zone. They may contain minute 
interstices or larger isolated interstices that are filled with water, but these 
interstices will remain filled, whether they are in the zone of saturation or 
far above it. If impermeable rocks lie between the two zones they are 
rather arbitrarily classed as being in the zone of aeration. Oil-bearing 
and gas-bearing rocks generally lie deep within the zone of saturation. 

In most places there is only one zone of saturation, but in certain 
localities the water may be hindered in its downward course by an imper- 
meable or nearly impermeable bed to such an extent that it forms an upper 
zone of saturation, or perched water body, which is not associated with the 
lower zone of saturation. Water that saturates soil or subsoil immediately 
after a rain or before the deeper frost has disappeared in the spring forms 
a temporary perched water body. 

The upper surface of the zone of saturation in ordinary permeable 
soil or rock is called the “ ground- water table” or merely the water table. 
The term ‘ ‘ phreatic surf ace ” has also been applied to this surface. Where 
the upper surface of the zone of saturation is formed by impermeable rock 
the water table is absent. If a well is sunk it remains empty until it 
enters a safurated permeable bed — that is, until it enters the zone of 
saturation as defined above. Then water flows into the well. If all the 
rock through which the well passes is permeable the first water that is 
struck will stand in the weU at the level of the top of the zone of satura- 
tion — that is, at the level of the water table. If the rock overlying the 
bed in which the first water is struck is impermeable the water is gener- 
ally under pressure that will raise it in the well to some point above the 
level at which it was struck. In such a place there is no water table. 

The zone of aeration has been divided, by the writer, with respect to 
the occurrence and circulation of its water into three belts — the belt of 
soil water, the intermediate belt, and the capillary fringe. The belt of 
soil water consists of soil and other materials that lie near enough to the 
surface to discharge water into the atmosphere in perceptible quantities 
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by the transpiration of plants or by evaporation from the soil. The 
capillary fringe is the belt immediately above the water table that con- 
tains water held up above the zone of saturatisn by capillary action. 
Where the water table is so far below the surface that the belt of soil water 
does not extend down to the capillary fringe there is an intermediate belt. 
This threefold subdivision of the zone of aeration and the relations of the 
three belts to each other are illustrated in Figure Xa-5. 

In a paper by the author [23] the following terms of Greek origin were 
proposed for international use: “Kremastic water,” for all the water in 
the zone of aeration; “rhizic water,” for the water in the belt of soil water, 
or root zone; “argic water,” for the water in the intermediate belt; and 
‘anastatic water,” for the water in the capillary fringe. 



Fig. Xa- 5. — Diagram showing the zone of saturation and the three belts of the zone of aeration. 

The domain of ground-water hydrology is the zone of saturation. 
The belt of soil moisture, which is essentially the same as what is often 
called the root zone, is of special interest to all scientists who are concerned 
with the water supply of the vegetable kingdom. It is the reservoir from 
which the plants ordinarily draw their water, and its capacity for holding 
water available to the plants is of primary importance. The capillary 
fringe is of interest to both ground-water hydrologists and botanical 
hydrologists where it touches the root zone, for in these places it may carry 
water upward from the zone of saturation to the roots of the plants. In 
the many places where the roots do not reach down to the capillary fringe 
the fringe is of concern chiefly as an agency which complicates all ground- 
water studies that, involve the water table. The intermediate belt has 
been called the no man’s land of hydrology. It contains water, but to a 
large extent its water is in dead storage — held by molecular attraction 
from seeping down to the zone of saturation and too far below the surface 
to be reached by the roots. However, this intermediate belt is not hydro- 
logically entirely dormant, as water from the surface that replenishes the 
ground-water supplies passes through it. 

The equilibrium distribution of water in the zone of aeration depends 
on the interaction of the forces of gravity, adhesive and cohesive molecular 
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attraction, and the vapor pressure [19, 35, 38]. The force of gravity tends 
to withdraw all the water from the rock material, but the rock surfaces 
exert an attractive force on a layer of water that is believed to be at 
least a few molecules in thickness, and the water molecules at the outside 
of this layer have an attraction for the nearby water molecules, which in 
turn attract their neighbors, etc. 

After an interstice in a granular material has been largely drained by 
the force of gravity, the remaining water tends to be held by the adhesive 
and cohesive forces. The resultant effect of these molecular forces is to 
develop rings of water around the contact points between the more or les^ 
spherical grains of rock material [15, 38]. The air-water surfaces of these 
rings are concave outward. The convex rock surfaces between the rings 
remain covered with films of water. The cohesive force then tends to 
draw water from the films into the rings, whereas the adhesion of the rock 
surfaces doubtless prevents this action after the films have reached a cer- 
tain minimum thickness. Both evaporation and condensation of w'ater 
vapor may then occur in the same interstice, because a vapor that has 
reached the saturation point or maximum vapor pressure with respect to 
a concave water surface remains somewhat unsaturated with respect to a 
convex water surface and also with respect to a concave surface of a lower 
degree of concavity. Hence water may be evaporating from a convex 
water surface and at the same time condensing upon a concave w’ater sur- 
face, or it may be evaporating from a concave surface and condensing 
upon a surface having a greater degree of concavity. In this manner the 
curvatures of the water surfaces tend to adjust themselves so that they 
will be in equilibrium with the vapor pressure. It is possible that by this 
process the films over the convex surfaces may eventually disappear 
entirely, or the adhesive force may be effective in holding permanently 
the molecules of water nearest to the rock surfaces. 

Three conditions have been recognized by Versluys [48] for the mois- 
ture held in the zone of aeration by the adhesive and cohesive forces. 
The term “pendular stage” was used by him to denote the condition in 
which the rings of water around the contact points are isolated, the upper 
limit of the pendular stage being reached when adjacent rings come into 
contact with each other. The opposite extreme that he recognized is the 
condition, called the “capillary stage,” in which the interstice is kept 
entirely filled with water by the adhesive and cohesive forces. The term 
“funicular stage” was used for the intermediate condition. 

As explained by Smith [38], if a high column of saturated material is 
allowed to drain there will not be as thorough drainage as occurs in simple 
capillary tubes, but a large quantity of water will at first be retained. 
According to Smith, if complete equilibrium is ultimately attained the 
distribution that finally prevails is dependent solely on the vapor pressure 
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of the liquid existing in the pore space during the last stages of the process, 
the final transfers of water presumably being effected by the process of 
evaporation and condensation. According to his mathematical studies the 
upper part of the high column will ultimately contain only traces of 
moisture, while the lower parts will retain considerable amounts, the mois- 
ture conditions ranging from top to bottom through the pendular, funicular, 
and saturated (or capOlary) stages, the zone in which the funicular stage 
occurs being a zone of hysteresis, in which all quantities of water between 
a normal minimum and complete saturation are usually possible. 

CLASSIFIC.-tTION OF ROCKS WITH REFERENCE 
TO THEIR HYDROLOGIC PROPERTIES 

The most productive unconsolidated water-bearing material is coarse, 
clean gravel. Next to gravel comes coarse sand. Unconsolidated water- 
bearing materials that yield smaller amounts but still supply many wells 
are the sediments of finer grain, such as fine sand and loess, and the mix- 
tures of large and small grains, such as till, many alluvial deposits, and the 
products of rock decay that are still in place. 

The consolidated rocks are of two kinds — those produced by the 
solidification of molten magma and those developed from unconsolidated 
sedimentary deposits through pressure, cementation, and recrystalliza- 
tion. Both kinds are generally broken into blocks and yield most of their 
water from the cracks or joints between the blocks or from porous zones 
and open passages developed by the weathering and solution of the rocks 
where the water penetrates these joints. The less thoroughly cemented 
sandstones yield most of their water from the original spaces between the 
grains, and they are on the whole the most valuable water bearers among 
the consolidated rocks. Next to sandstones rank limestones, which yield 
most of their water from large open passages produced by the solution 
of the rock material, and lava rocks, which 3deid water from large openings 
produced when the lavas solidified and from open joints resulting from 
the rapid cooling of the solidified, masses. Most of the other hard rocks, 
such as granite, quartzite, shale, slate, and schist, yield small amounts 
from joints or zones of decayed rock. 

Among rocks of all kinds the most productive and valuable water 
bearers are probably the deposits of gravel. Next to gtavel come sand, 
sandstone, hmestone, and basalt. Among the many kinds of rock mate- 
rial that do not yield water freely but are nevertheless drawn upon where 
first-class aquifers are lacking are the fine-grained and poorly assorted 
unconsolidated deposits and the hard rocks with only rather tight joints. 
The most completely unproductive of all materials are the true clays and 
fine silts, whose original interstices are too minute to yield water and 
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which are too soft to have joints or other secondary openings [24, pp. 
102-148]. 

The hydrology of both the limestones and the lava rocks is very 
different from that of other rocks, not only with respect to the ground 
water but also with respect to the surface water. For this reason, separate 
chapters are devoted to the hydrology of the terranes of these rocks 
(Chapters XIV and XV). 

ORIGIN OF GROUND WATER 
The infiltration theory 

The infiltration theory postulates that the ground water is derived 
chiefly by the downward seepage of surface water, either directly from rain 
or melted snow or from streams and lakes supplied by rain and snow. 
This theory has now become firmly established. Its demonstration con- 
sists of well-substantiated and carefully analyzed data as to the downward 
penetration of the rain and snow water through the soil and subsoil; the 
seepage losses from streams; the rise of the water table in response to rain- 
fall, melting snow, and the flow of influent streams ; the slope of the water 
table from the demonstrated intake areas to the areas of ground-water 
discharge; the relation of the quantity of ground water discharged in a 
given area to the mean annual precipitation and to the permeability of the 
intake materials; and the fluctuation of discharge with fluctuations in 
precipitation. 

The theory of juvenile water was developed chiefly by Suess [43] and 
the theory of connate water by Lane [18]. These theories supplement 
rather than conflict with the infiltration theory, and they cannot properly 
be regarded as having any real relation to the old condensation and sea- 
water hypotheses. 

Recharge by rainfall penetration 

Replenishment or recharge of the water supply in the zone of satura- 
tion from sources above the surface may be said to involve three steps 
(1) the infiltration of water from the surface into the soil and other rock 
materials that lie directly below the surface, (2) the downward movement 
of the water through the materials that comprise the zone of aeration, 
and (3) the delivery of a part of the water to the water table, where it 
enters the zone of saturation and becomes ground water or plerotic water. 
A part of the water that seeps into the zone of aeration is returned to the 
surface or into the atmosphere by evaporation and transpiration and con- 
sequently is lost so far as ground-water recharge is concerned. 

Infiltration is produced by the joint action of two forces — molecular 
attraction and gravity. As has been explained by Buckingham [6], 
Haines [10], Veihmeyer [47], and others [35, 36], the molecular attraction 
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is expressed as a poxential gradient wherever the soil moisture is not in 
equilibrium. When a drop of water touches the top of relatively dry soil 
a large potential gradient is established, and hence the water is pulled in 
rapidly, the mere weight of the water being of secondary importance in 
causing infiltration. After the upper part of the soil has become moistened 
the molecular attraction becomes le.ss effective, and infiltration is pro- 
duced more largely by gravity. The rate of infiltration then becomes 
more largely a function of the permeability of the soil. 

The belt of soil moisture i.s of essential importance to the vegetable 
kingdom as the re.servoir from which the plants draw their water supply. 
The storage is in moisture that is held by molecular attraction with rela- 
tive effectiveness against the pull of gravity but only partly against the 
absorptive power of the roots of the plants. Throughout the growing 
season the moisture supply in this soil reservoir is depleted by the constant 
draft made by the plants and is replenished from time to time by the rains 
or by irrigation. Thus the belt of soil moisture functions as a formidable 
hindrance to ground-water recharge. It is like an upstream reservoir that 
in general must be filled before water will pass through it to the down- 
.stream reservoirs, which in this case are the aquifers of the underlying 
terrane. 

When the supply of soil moisture in a given place is fully replenished, 
any additional water received from the surface is carried downward by 
gravity from the belt of soil moisture, either directly to the water table or 
into the intermediate belt of the zone of aeration. As this intermediate 
belt is not affected appreciably by evaporation or by absorption into the 
roots of the plants, it normally retains as much of the water as it can hold 
by molecular attraction, but most of the water tends to move downward 
in response to graxity. 

Some water may escape through the belt of soil moisture even while 
there is still considerable deficiency in some parts, especially through 
tubular openings such as are provided by decaying roots and by the holes 
made by worms and larger animals. On the other hand, the soil may 
temporarily be wetted far beyond the limit of what is regarded as its 
specific retention and indeed to the point of complete saturation. 

As the subsoil is in many places less permeable than the soil proper, 
it is likely in times of abundant infiltration to retard downward percola- 
tion and to support above it a perched zone of saturation. Such very 
shallow and ephemeral zones of saturation are found in many places at 
times of heavy and prolonged rain or melting snow, especially in the early 
spring. They generally lose water by both downward percolation and 
effluent seepage, and in the growing season through absorption by the 
roots. Although they disappear quickly, especially when plant growth 
gets under way, much of the recharge of the underlying permanent zone 
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of saturation is likely to occur during the existence of these ephemeral 
perched water bodies. 

In cold climates where the soil freezes to depth.s of a few feet the 
frozen soil may be quite impermeable. In the spring, as the frost leaves 
the soil progressively from the surface downward, the thawed soil becomes 
saturated with the water from the rains and melted snow. 'V^Tien the 
last of the frost disappears this perched water generally sinks rapidly and 
may in the course of a few days provide the principal crop of ground water 
for the year. 

The precise manner in which the water moves dowmward to the water 
table is still only imperfectly understood, although the careful investiga- 
tions of a number of physicists have made contributions to the solution 
of this problem [6, 10, 15, 35, 36, 47], At times when rapid recharge 
occurs the water doubtless fills the network of interstices and moves down- 
ward as it would in any capillary or larger tube under sufficient head. 
However, when such a charge of water passes it leaves behind films of 
water adhering to the walls of the interstices, especially in the angular 
spaces, and also water in interstices or groups of interstices that remained 
full when the capillary columns of water broke below them on account of 
irregularities in the network of connecting interstices. All this water is 
held in some manner by molecular attraction, but a considerable part of it 
is held only temporarily. There is considerable evidence that draining 
continues at a diminishing rate for a long time. 

Recharge by influent seepage of stre.vms 

Streams can be classed in general as influent or effluent — influent if 
they flow above the water table and contribute water to it ; effluent if they 
flow at a lower level than the water table and receive contributions of 
ground water. 

In the relatively humid eastern part of the United States nearly all 
streams that flow perennially or for considerable periods are effluent. In 
this region the recharge occurs in the interstream areas, and the streams 
serve as natural drainage channels that discharge the overflow of the 
ground-'water reservoirs. The recharge occurs largely by the downward 
penetration of rain and snow water in the locality where it has fallen. 
However, if the rain falls or the snow melts faster than it can pass down- 
ward through the surface, it will flow over the surface in the direction 
of the slope. First it may flow in a thin, irregular sheet of water, often 
called overland runoff, but soon the smrface water will flow together in 
draws or ravines and will form ephemeral streams that lead into the 
system of perennial streams. Thus the lower parts of the slopes and the 
channels of the ephemeral streams carry water for a longer period and have 
a greater head of water than would be produced merely by the precipita- 
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tion upon them, and therefore they generally have more than average 
infiltration and are especially effective in producing ground-water recharge. 
This is a rather important aspect of the subject that has commonly been 
neglected by those who have argued that there is little or no recharge 
from rain and snow. 

In the western part of the United States most of the rain and snow 
falls upon the mountains, whereas the intervening valleys, many of which 
form extensive desert plains, are generally arid. In this region most of the 
streams rise in the mountains, where they are fed by springs and melted 
snow, and they become influent where they leave their mountain canyons 
and flow out upon the permeable gravelly alluvial slopes of their own 
construction. These streams are the principal sources of ground water 
in the western part of the country. In the valleys adjacent to lofty 
mountains with heavy rain and snowfall they supply very large quantities 
of ground water, as in many of the valleys of California. 

In the most arid intermountain valleys there is little or no recharge 
from the precipitation on the valley floors, but in the less arid valleys of 
California, where the precipitation occurs chiefly in the winter, the 
recharge from local rainfall penetration is appreciable, and in the humid 
valleys of the far Northwest the recharge by rainfall penetration is large. 

Considerable recharge also occurs in the ephemeral streams or dry 
washes of the arid regions, which carry freshets at infrequent intervals, 
but if the flood waters spread over extensive desert areas they may be 
consumed largely in supplying moisture to the dry desert soil, and their 
contribution to the ground-water supply may be small. 

The ground-water supply of the Great Plains, in the central part of 
the United States, is derived chiefly from local precipitation. As the pre- 
cipitation is not great and occurs chiefly in the growing season, the 
recharge is generally small and perennial streams are scarce. Hence the 
ephemeral tributaries of the stream systems — the draws or dry washes — 
are much longer than in the humid region and have a greater part in 
ground-water recharge. In parts of the region underlain by very permea- 
ble material, however, the recharge from precipitation is relatively great. 
A few streams that rise in the mountains to the west and flow across the 
Great Plains are influent in some places and effluent in others. Some of 
the deeper water-bearing beds have outcrops in or near the mountains, 
where they receive their water supplies. 

Conditions that influence becharge 

The conditions that influence the rate and amount of ground-water 
recharge fall into two categories — those relating to precipitation, which 
is the source of supply, and those relating to the intake facilities, which 
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determine the proportion of the rain and snow water that reaches the 
subterranean reservoirs. 

Precipitation differs greatly in quantity from place to place and 
is notably variable in any one place. Ground-water recharge differs still 
more from place to place and from time to time — not only because of 
differing intake facilities but also because, with the same intake facilities, 
the ratio of recharge to precipitation differs greatly with the amount and 
distribution of the precipitation and its occurrence as rain or snow. 

In general the proportion of the precipitation that becomes ground 
water increases with the precipitation, up to a certain limit. If the 
precipitation occurs in light, scattered rains, it may all be absorbed by 
the soil; the rains that occur after the deficiency of soil moisture has been 
satisfied are those that count for ground-water recharge. Over much of 
the humid eastern part of the United States more than one-third of the 
precipitation becomes ground water, but in the semiarid regions the 
recharge may be only a few percent of the precipitation, and in extensive 
arid areas the amount of recharge may be exceedingly small or there may 
be none. 

The amount of recharge in any area depends largely upon the distribu- 
tion of the precipitation. A given amount of precipitation during the 
growing season will produce the most recharge if it occurs in a period 
of persistent rain that falls about as fast as it can seep into the soil. If it 
is distributed as occasional rains over a longer period it may be of more 
benefit to the crops, but little or none of the water may get through the 
soil to the water table. On the other hand, if it occurs in a heavy down- 
pour of short duration, only a small part may seep into the soil and a still 
smaller part may reach the water table, most of the water being discharged 
as direct runoff. In arid regions the scant precipitation is likely to occur 
in sudden downpours, but these cause freshets in dry washes, which may 
produce recharge. 

In general a much larger part of the precipitation reaches the water 
table in the season of dormant vegetation than in the growing season. 
During the summer there may be no recharge or only moderate amounts 
during especially rainy periods. When the vegetation becomes dormant 
in the autumn there is generally a deficiency of soil moisture. Successive 
rains remove the deficiency, progressively from the surface downward 
to the bottom of the belt of soil moisture, after which each rain is likely to 
make a substantial contribution to the ground-water supply until spring, 
when the growing vegetation again becomes effective in diverting soil 
moisture. (See Figure Xa-6.) 

In cold climates the winter is largely a dormant period in which the 
soil becomes impermeable because of frost and the precipitation is in the 
form of snow. The lowest water levels in wells for the year and the most 
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Fig. Xa-6. — Graphs of water levels in two shallow wells in Virginia near Washington, D. C., 
showing fluctuations caused by precipitation and seasonal variations in evaporation and transpiration. 
The monthly precipitation is that recorded in Washington by the United States Weather Bureau. 
{Data from LL S. OeoL Suneu Water-Supply Paper 840.) 
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trouble with failing water supplies is likely to occur about February. In 
the spring there is generally abundant recharge wdth a rather sudden rise 
in water levels. The amount of spring recharge depends not only on the 
amount of snow and of spring rain but also on the depth of frozen soil and 
the rate at which the snow melts. The depth of frozen soil is determined 
not only by the severity of the winter but also by the protection afforded 
by the snow cover. If the snow melts quickly before the frost has dis- 
appeared from the soil, most of the water runs off, forming a high spring 
freshet. On the other hand, if the soil has been largely protected from 
frost by deep snow and the snow melts gradually, most of the water may 
seep into the soil and the annual ground-water crop may be large. 

The intake facilities are determined by several conditions that cau.se 
a very wide range in the percentage of precipitation that becomes ground 
water. The most effective of these conditions is the permeability of the 
terrane through which the water passes from the surface to the water 
table. Formations such as cavernous limestone, broken lava rock, clean 
gravel, or coarse sand may take in a large part of the precipitation and 
pass it to the water table, leaving little or no direct runoff. On the other 
hand, a clay formation may prevent water from going more than a few 
feet below the surface, except that it may sometimes receive water in 
large amounts through wide and deep cracks formed by drying of the clay. 
An impermeable formation generally has a surficial zone that has become 
somewhat permeable by weathering and that contains a small quantity of 
ground water which is supplied to shallow and unreliable w'ells. 

The intake facilities of the soil are determined only in part by the 
character of the underlying formation from which the soil is derived. 
They are determined in part by the stage of development of the soil, the 
vegetation which it supports, and the kind of tillage it receives or the 
freedom from tillage. It appears that, as a rule, the soil which supports 
timber or sod has better intake facilities than similar soil which is tilled — 
partly because the leaf litter or grass keep the precipitated water clean, 
thereby preventing the puddling that may choke the interstices of tilled 
soil near the surface, and partly because the untilled soil preserves tubular 
openings formed by the roots and by worms and other burrowing animals. 

The form of the land surface has a great influence on intake and hence 
also on ground-water recharge. In general intake is expedited in nearly 
level areas, such as parts of the Atlantic Coastal Plain and parts of the 
Great Valley of California, and in gently undulating areas with poorly 
developed drainage systems, such as the region covered by the most recent 
glacial drift. In such areas the precipitated water runs off more sluggishly 
than in rugged areas with well-developed drainage patterns, and conse- 
quently there is more opportunity for it to seep into the soil or rocks. 
There are, however, contrary tendencies if the water table is so near the 
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surface that the underground reservoir does not have much capacity for 
additional storage at times of heavy and prolonged precipitation, or if the 
surface water moves so sluggishly that it silts up its channels. 

The amount of recharge of a water-bearing formation depends largely 
on the extent of its intake area— that is, the area in which it lies at the 
surface or is covered only by permeable materials. A common fallacy 
Is to underrate recharge from local precipitation and to look for some 
distant source of supply. In fact, the most productive aquifers are the 
permeable beds that are exposed over extensive areas, whereas artesian 
aquifers that lie below confining beds except along narrow belts of outcrop 
are obviously handicapped. The recharge is increased if the intake area 
receives not only the local precipitation but also the surface flow of a 
tributary catchment area, as is notably the case on alluvial slopes that 
receive surface water from large mountain areas with heavy precipitation. 

The rate of recharge from influent streams is largely governed by the 
condition of the stream beds. Even though the underlying material is 
very permeable the stream may not lose much water, because its channel 
has been rendered impermeable by silting or by deposition of lime or other 
precipitate. The loss from surface reservoirs and irrigation canals gen- 
erally diminishes with use as a result of silting. Natural streams, however, 
are subject to floods, which from time to time scour out the silt and 
precipitate and renew the recharge capacity of the streams. Surface 
reservoirs that regulate the flow of the streams may tend to prevent such 
rejuvenation. On the other hand, a prolonged flow of clear water may 
remove the silt and may thereby develop a permeable sandy bottom. 

Artificial recharge 

Wells have long been used in some localities to drain swampy land 
and unfortunately also to dispose of sewage and other waste water. The 
concept that the rock formations are reservoirs and that water can be 
stored for future use by discharging it into wells or letting it seep into the 
soil or gravelly valley floors has been regarded until recently as a novel 
idea, directly contrary to the usual idea that water which seeps into the 
earth is lost. It is, however, a fundamental concept in the conservation 
of the available water supplies and has been applied in various experi- 
ments in places where the supply of ground water has become depleted 
by heavy pumping— notably in Sweden, Germany, and other European 
countries to increase the water supplies for certain cities and in this 
country to increase the irrigation supplies. In recent years many experi- 
ments in artificial recharge by spreading surface water have been made in 
different areas in California and in other parts of this country, and the 
subject has received much popular attention and also considerable investi- 
gation. The best results have been obtained where the water is clear and 
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is under control so that it can be applied in the most favorable localities 
and at the proper rate. Notably successful has been the underground 
storage of surplus water from the Owens Valley Aqueduct in the San 
Fernando Valley, California. In some of the European projects the 
conditions are so definitely controlled and the operations are so local that 
the artificial recharge approaches sand filtration in character. The sub- 
ject has recently been treated thoroughly by IMitchelson and IMuckel [30]. 

Recharge through wells is most successful in cavernous rocks, because 
formations with small interstices are likely to become clogged by particles 
carried in suspension or by algal or bacterial growths. On Long Island 
the attempt is being made to return the water pumped from beds of sand 
and gravel for air conditioning without giving it any access to the air, but 
even with this protection there is considerable clogging — probably for the 
most part by the particles of sand and silt that are pumped with the water 
out of the producing wells. Especially promising are projects for recharg- 
ing aquifers from which water is pumped for air conditioning or other 
cooling purposes, by introducing clear, cold surface water during the 
winter — either through recharge wells or through producing w'ells that 
may be idle during the winter. 

In many areas the physical conditions or economic limitations are 
such that it will not be practicable to augment the ground-water supply 
by artificial recharge. In certain localities, how'ever, the water has rela- 
tively high value, and the conditions are favorable for conducting it in 
large quantities into the underground reservoirs at low unit cost, and in 
many of these localities artificial recharge will doubtless become estab- 
lished practice. Closely related are the questions as to the effects of 
different kinds of land use and soil conservation upon the amount of 
ground-water recharge and hence upon the water supplies from wells, 
springs, and streams. 

Methods of determining recharge 

The principal methods of determining the amount of recharge are by 
(1) the use of lysimeters, (2) determining the amount of precipitation on 
a drainage basin and deducting the runoff and evaporation losses, (3) 
making periodic determinations of soil moisture at different depths, (4) 
observing the fluctuations of the water table and applying a factor for 
specific yield, and (5) determining the decrease in flow of influent streams 
between gaging stations. For convenience these may be called, respec- 
tively, the lysimeter, general inventory, sod-moisture inventory, water- 
table, and influent-seepage methods. 

Many attempts have been made to measure directly the percolation 
from the surface to the water table. Mariotte, in the seventeenth century, 
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observed the percolation of rain water into the cellar of the Paris Observa- 
tory. Measurements of percolation have been made with lysimeters, or 
vessels to catch the downward-percolating water, by several European 
and American investigators [46], and some very long records have been 
obtained in England [46, pp. 32-34, 44-49]. The first tests mentioned by 
Veatch were made by Dalton in Manchester, England, from 1796 to 1798, 
and by Maurice in Geneva, Switzerland, in 1796 and 1797. The longest 
record, that of Dickinson and Evans, in Hempel Hempstead, in England, 
extended over at least 49 years, from 1835 to 1884, and the records of 
Lawes and Gilbert and those of Greaves extended over 32 and 22 years, 
respectively. 

Many of the lysimeter tests have been made with disturbed materials 
and under other artificial conditions, which may have produced results 
very different from those that would be found under natural conditions. 
Moreover, downward percolation is irregularly distributed, and it may be 
difficult to find a place for the test that is even approximately representa- 
tive of average conditions. An extensive area may have little or no 
recharge except at a few places where water may be pouring into the zone 
of saturation in large volumes. 

Tests by Blaney and C. A. Taylor [3] in California indicate that water 
percolating downward through unsaturated material tends to move around 
any vessel that is placed underground to catch it. If the material extends 
rlownward into the ves.sel, as in tests made by White [44] in Texas, the 
percolating water will accumulate in the capillary openings of the material 
in the vessel and can be detected by laboratory determination of the 
increase in moisture content of that material. However, unless the 
material lies within the vessel to a height exceeding the capillary range, no 
water may drain out of the material into the vessel even though recharge 
is occurring. These conditions have been explained in a paper by G. H. 
Taylor [44]. 

The earliest attempts to determine the rate of ground-water recharge 
were probably those of Perrault and Mariotte in the drainage basin of the 
Seine River in the seventeenth century. In the years that have elapsed 
since their work the most common method of estimating ground-water 
recharge has probably been to determine approximately the quantity of 
water that annually falls as rain or snow on a given area and to apply to 
this quantity the percentage that is assumed to reach the zone of satura- 
tion. Such procedure is of little value, however, except to give an idea of 
the maximum possibilities, unless there is a reliable basis for the assumed 
percentage. The method of deducting runoff and evaporation losses from 
precipitation may give fairly reliable results if the recharge is relatively 
large, as in some limestone and basalt terranes, but is inapplicable if the 
amount of recharge is of the order of magnitude of the probable errors 
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in the other quantities. This method gave useful results as applied by 
McCombs [22, pp. 55-61] and Kunesh [17, pp. 85-92] in estimating the 
ground-water supply of the island of Oahu, where fairly accurate data as 
to precipitation and runoff are available and where the intake facilities 
are so good that a large proportion of the precipitation seeps into the rocks 
and percolates to the water table. 

A detailed inventory was made by Blaney [34, pp. 152-157] of the 
water supply in certain intake areas in southern California. From the 
quantity of water produced by each rain during the wdnter rainy season 
were deducted the carefully estimated quantities of runoff produced by 
the rain and of evaporation and transpiration during the subsequent 
period of fair weather [3, pp. 87-104]. Borings and tests of soil moisture 
proved that the remaining water was stored in the soil to satisfy the defi- 
ciency of soil moisture in the root zone. After this deficiency had been 
completely supplied and the soil moisture had been brought up to the 
specific retention, any remaining surplus was assumed to percolate down- 
ward beyond the plant roots and ultimately to reach the water table. 
Where an impermeable bed intervened between the root zone and the 
water table, the downward-percolating water would necessarily form a 
body of perched ground water above the impermeable bed. Intensive 
inventory studies have also been made by Stearns, Robinson, Taylor, 
Piper, and others [31; 40, pp. 172-206] in the Mokelumne area, in Cali- 
fornia, in which the soil moisture was determined at intervals during the 
winter for each foot to depths below the root zone, and thus data were 
obtained as to replenishment of the soil moisture, evaporation from the 
soil, and deep percolation. 

The most generally used and most widely applicable method of deter- 
mining recharge is that based on the rise of the water levels in wells. 
Accurate records of water-level fluctuations are now obtained in the 
United States by means of automatic water-stage recorders in several 
hundred observation wells and periodic measurements in many thousands 
of wells. In order to use these records to compute recharge it is necessary 
(1) to know whether the rise in water level in the well represents a similar 
rise in the water table or is produced by some other cause, and (2) to have 
a fairly reliable factor of specific yield to apply. Artesian wells are likely 
to have large fluctuations that are due to pressure effects not related to 
replenishment from the surface. Even in the wells that extend only 
slightly below the water table and are called water-table wells, the fluctua- 
tions' of the water levels do not always represent similar movements of 
the water table itself. In fine-grained materials of low specific yield the 
water table is likely to rise notably in wet periods, but the quantity of 
water that is taken into storage in such periods and is later available to 
sustain the stream flow may be surprisingly small. 
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A rise in the water table does not register the total recharge but 
rather the excess of recharge over discharge. Where the water table lies 
at considerable depth the water from the surface may arrive at the water 
table at a relatively constant rate and may be more or less continuously 
offset by the percolation out of the area. Under such conditions the slight 
fluctuations may register only a small part of the actual recharge. 

The influent-seepage method consists of establishing gaging stations 
on influent streams and determining the quantities of water lost between 
successive stations. The quantity of water that reaches the water table 
consists of this loss minus the loss by evaporation and transpiration either 
directly from the stream or from soil moisture supplied by the stream. 
The method has been used rn many ground-water investigations in the 
western mountain region. One of the most intensive studies of this 
method was made by Bailey [2, pp. 95-131] in his work on ground-water 
recharge in the Niles cone, California, by seepage from Alameda Creek. 
Bailey undertook to determine the daily recharge, which required accurate 
data on changes in channel storage with changes in gage heights. He 
also investigated the relation of rate of recharge to the temperature of the 
water and to the duration of high stages of the river. Ultimately he 
developed curves to show the relation of rate of seepage to rate of streaih 
flow and produced an empirical formula by which the recharge in any day 
can be computed from the records of stream flow and temperature. Inten- 
sive use of the seepage method has been made by Conkling [8, pp. 52-72] 
in the drainage basin of the San Gabriel River, by Post [34] in the drainage 
basin of the Santa Ana River, and by Stearns, Robinson, Taylor, Piper 
and others [31, 40] on the Mokelumne River, all in California. 

The most reliable results obtained by the influent-seepage inethod 
are those for streams with relatively constant flow and large losses in pro- 
portion to the total flow. The method is generally not applicable in times 
of flood, when the measurements of flow are relatively inaccurate and the 
percentage of loss is small. It is only difficultly applicable to perennial 
streams in which the loss is small in comparison to the total flow. As 
applied to ephemeral streams it presents two difficulties — the storm runoff 
is too flashy to be measured accurately, and a considerable part of the 
water lost by seepage may not reach the water table but may ultimately 
be returned to the atmosphere [49, pp. 77-80]. 

iNFIiOW AND CONDENSATION OF ATMOSPHEEIC VAPOK 

The openings in the soils and rock above the zone of saturation, 
whether consisting of small pores or great caverns, are largely filled with 
air that is in communication with the outside atmosphere. T his inter- 
stitial air is more or less in motion, and interchange occurs between it and 
the outside atmosphere. The flow of air into or out from rock formations 
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is most conspicuous in wind caves and in blowing or breathing wells, but 
it doubtless also occurs extensively in a less noticeable manner. 

Blowing and breathing wells are found in many parts of the United 
States. They attract much attention because of their peculiar behavior 
and in the northern part of the country by the freezing that is caused in 
them through the inflow of cold air, sometimes at depths of more than 
100 feet. They are described in numerous publications, as, for example, 
in a paper by Condra [7, pp. 41-42]. Practically all the writers who dis- 
cuss the phenomena agree that, although various causes may be effective 
in certain wells, the principal cause of blowing or breathing consists of 
changes in the pressure of the atmosphere. As a rule such a well passes 
first through a cover of dense material and then into an underlying bed of 
limestone, gravel, sand or other permeable but unsaturated material that 
is not effectively eased off. Considerable movement of air into and out 
from the rocks may also be caused by fluctuations of the water table. 
Thus blowing has been reported in certain wells in Quincy Valley, Wash., 
during periods of rapid rise of the water table caused by ground-water 
recharge. 

Whenever air flows into or out from the soil or rocks it carries with 
it some water in the form of invisible vapor. Whenever unsaturated air 
enters interstices that contain liquid water it acquires some of the water 
by evaporation until it becomes saturated or until the supply of liquid 
water has been reduced to the exceedingly thin film that constitutes the 
hygroscopic water. If the temperature of the interstitial air is increased, 
as commonly happens in the soil near the surface on hot, sunny days, its 
relative humidity is decreased and it is likely to acquire much additional 
water vapor. If later this interstitial air flows out of the interstices into 
the atmosphere, it is effective in removing water from the soil. 

On the other hand, air flowing through interstices of soil or rocks may 
deposit water that is carried into them from the atmosphere. The inter- 
stices may be so dry that they wiU acquire hygroscopic moisture from the 
vapor in the air even when the air is not saturated, but this would in gen- 
eral occur only when the soil moisture is so greatly depleted that per- 
manent wilting occurs in the plants. The air may enter at a temperature 
higher than that of the soil or rocks through which it subsequently flows 
and may become cooled below the dew point, when condensation and 
deposition of water may take place. This would in general occur only 
in the summer, when the air is warmer than the rocks. Moreover, the air 
may conceivably contain particles of liquid water when it enters, and these 
may adhere to the wails of the interstices as the air flows through them. 

The processes of give and take that have been outlined occur at very 
different rates under the diverse conditions that are found in nature, and 
it is difficult to estimate their relative importance or their net result in 
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contributing water to or removing it from the soil and rocks. That soil 
water is lost in great quantities by evaporation is a familiar fact. This 
loss is due largely to interstitial evaporation and subsequent onflow of the 
water vapor. There is not much information as to the extent to which 
evaporation occurs at considerable depths in the zone of aeration. The 
movement of air involved in the blowing and breathing phenomena 
through natural openings in some terranes may well have a tendency to 
dry out the rocks at considerable depths, especially in arid regions, where 
the relative humidity of the atmosphere is generally low. 

In the United States hydrologists have so completely accepted the 
theory that practically all available ground water is derived from infiltra- 
tion of surface water that it is surprising to find that the condensation 
theory is still actively discussed in European countries and that it receives 
considerable support from some of the European hydrologists. According 
to this theory the ground water is derived, wholly or in large part, by 
subterranean condensation of water vapor in the air that circulates 
through the interstices of the soil and rocks. To strengthen the general 
theory, it has been suggested that the air which enters the rocks fre- 
quently carries fog with it, and that the droplets of liquid water con- 
stituting the fog are deposited in the interstices. The excellent textbook 
on ground water by Keilhack [16, pp. 74-82], gives serious consideration 
to this theory, states that some advocates of the theory maintain that 
ground water is derived exclusively from the condensation of water vapor 
in the subterranean atmosphere, cites a number of authorities who hold 
more or less fully to the theory, and describes briefly the observations and 
experiments that are believed to give evidence favorable to it. The 
principal lines of evidence are derived from (1) experiments purporting 
to show the process of subterranean condensation, (2) structurally and 
topographically isolated areas in which the discharge from springs is 
believed to be greater than can be explained by the precipitation upon 
the area, and (3) the rise of water levels in wells before rainfall occurs. 
The argument is also advanced that the ground water is clear, whereas 
the surface water is often turbid, and that the rocks through which the 
water percolates cannot be assumed to be eternally effective as a filter. 
Ice caves are also cited as an argument in favor of the theory. A sort of 
still was devised by Herman Haedicke in which water from the air was 
condensed as it passed through sand that was continuously refrigerated. 
He also found that some water collected in a vessel buried in gravel and 
sand above the water level in a shallow well [16, p. 447]. His results do 
not seem to be convincing. Evidence is presented that the water levels 
rise in wells prior to any rain at times of southerly winds and in warm 
cloudy weather. This evidence is regarded by Keilhack and others as 
indicating recharge by condensation, because the air at such times has 
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high relative humidity and is warmer than the underlying soil and rocks. 
From studies in this country, however, it appears that such conclusions 
are not valid and that the rise in water levels is very probably due to low 
atmospheric pressure upon the water surfaces in the wells. 

Several examples are cited of springs whose catchment areas appear 
too small to obtain the requisite amount of rainfall or are underlain by 
apparently impermeable beds. Keilhack points out, however, that these 
examples are not supported by adequate quantitative data as to precipita- 
tion and discharge. Springs have frequently been reported on the tops of 
hills or mountains in this country, but no such spring is known which, 
upon investigation, could not be adequately explained by precipitation at 
higher levels. An example is afforded by the springs in the Big Meadows, 
in the Shenandoah National Park, in Virginia. These springs are on the 
top of the Blue Ridge, and their source of supply was regarded as a mystery 
until an investigation by the United States Geological Survey demon- 
strated the existence of a drainage basin that is adequate to supply them. 

A quantitative analysis of the possible rates of ground-water recharge 
by movement of water vapor in the zone of aeration was made by H. L. 
Penman and R. K. Schofield, of Great Britain, for the assembly of the 
International Association of Hydrology in Washington in 1939. The 
conclusion was reached that, except in the superficial layer from which 
evaporation into the atmosphere takes place, the diffusion of water vapor 
through the zone of aeration makes a negligible contribution to the water 
circulation, and also that the amount of water moved as vapor in the 
breathing action caused by changes in temperature and barometric pres- 
sure is quite negligible. 

The evidence and arguments advanced for the condensation theory 
do not seem convincing, and the diflSculties with respect to the volume of 
air that would have to circulate through the rocks and the amounts of 
cooling that would have to be performed by them seem to make the theory 
untenable. Moreover, except perhaps to an insignificant extent, the 
process has not been observed in caves, where it ought to be subject to 
observation. Although an open mind should be maintained regarding 
new theories, it seems unfortunate to continue to confuse the subject of 
ground-water recharge with a theory that has so little to support it and 
is inherently so improbable. 

Connate water and inflowing sea water 

Most sedimentary formations and some lavas were deposited in the 
sea or in some other body of water. If such a formation was later brought 
above the water level and so situated as to form a part of a circulatory 
system of ground water, its original water was gradually displaced by 
water from the surface. Otherwise the water may have moved very 
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sluggishly, and some of the original water may still be in the formation 
even though the formation is very old. For such original water the term 
“connate water” was proposed by Lane [18, pp. 501-512], who advocated 
the theory that the deep-seated, highly mineralized water in the Lake 
Superior region is connate. 

The Paleozoic formations between the Appalachian Mountains and 
the Great Plains probably afford as good evidence of the existence of 
connate water as is found in any other region. For the most part, where 
these formations contain salty water they lie nearly horizontal, far below 
the water table and largely below sea level, and the geologic history of the 
region indicates they have probably always lain at low levels, where 
effective ground-water circulation was not promoted. Salt water is 
commonly associated with natural oil and gas. Obviously the oil and 
gas must have been effectively entrapped, for otherwise they would have 
been dissipated long ago by natural processes. It is reasonable to suppose 
that the associated salty water has also been entrapped. 

One of the apparent defects in the theory of connate water is that the 
dissolved solids do not generally occur in the ground water in even approxi- 
mately the same proportions or concentrations as in ocean water. These 
differences have been explained by assuming (1) admixture of other ground 
waters, (2) dissolving of additional soluble substances from the rocks or 
chemical reactions between the matter in solution and the minerals 
composing the rocks, or (3) change in the composition of ocean water in 
the course of the long ages since the deposition of the formations that 
contain the salty water. 


Wi^TEE OF DEHYDEATION 

One of the common processes in the weathering of rocks is hydration, 
which is a chemical combination of water with mineral matter whereby 
new minerals are formed. A familiar example is the chemical combination 
of water and oxygen with iron to form iron rust. Van Hise [45, p. 162] 
stated that the amount of water which is thus fixed in the rocks by the 
process of hydration is very great. Under conditions of high temperature 
and pressure, such as are found at great depths, the hydrous minerals are 
likely to be dehydrated, thus liberating hydrogen and oxygen in the form 
of water. A familiar example of this process is the production of red 
bricks by burning yellow clay, the yellow hydrous iron compound dis- 
seminated through the clay being converted by the heat into a red anhy- 
drous compound and water being driven off. 

Water op internal origin 

Water that occurs within the depths reached in wells and mines is 
found in the interstices or void spaces of the rocks. Farther in the interior 
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of the earth the pressure due to the weight of the overlying rocks becomes 
so great that it is impossible for interstices to exist. The temperature 
also increases with increasing depth, and far in the interior it is doubtless 
very great. It is believed that under such conditions of temperature and 
pressure the mineral constituents form a .sort of solution known as a rock 
magma and that, among the constituents in the solution is water or one 
or both of the elements of which water is composed. Thus, although there 
is doubtless a downward limit to the occurrence of liquid water in rock 
interstices, there may be no limit or only a much deeper limit to its occur- 
rence in another form. 

Before the laws of physics, chemistry, and geology were well under- 
stood vague theories were devised to account for ground water by mysteri- 
ous emanations from the interior of the earth. When these sciences were 
developed, however, and when the principles set forth by iMariotte became 
well established and the intake of water from the surface came to be 
thoroughly understood, the theories as to internal sources of water were 
brushed aside and even the water ejected from volcanoes w'as regarded as 
water of external origin that had been entrapped or absorbed by the lava. 
More recently there has been a strong trend toward the theory that in 
part the water emitted by volcanoes is of internal origin in the same sense 
that the rest of the lava is of internal origin, and, moreover, that water is 
emitted by magmas which do not reach the surface, some of the water of 
hot springs being regarded as of such origin. The .special exponent of the 
theory of juvenile water was Suess [43, pp. 133-150], whose principal 
paper on the subject was published in 1902. The question of the origin 
of ground water is closely related to that of the genesis of metalliferous 
deposits. Thus the students of ore deposits came from various vague 
theories to a clear understanding of the important functions of circu- 
lating ground water and later to a belief also in the importance of 
magmatic segregation, which involves the segregation of water from the 
magma. 

Igneous rocks give evidence of the production of water of internal 
origin from structural features that record events of the past, whereas 
volcanoes and hot springs give evidence from processes that are now in 
progress. Many of the cfystals of igneous rocks, especially the quartz 
crystals, contain minute hermetically sealed cavities containing water that 
was presumably present in the magma from which the crystals were 
formed. Quartz is known to be one of the last minerals to crystallize 
out of a magma, and water appears to be a residual product of the slow 
solidification of the magma. Hence the quartz crystals are likely to be 
formed in the presence of water, and it is not surprising that they should 
be especially rich in included water. Fossil evidence of another kind is 
afforded by the structure of some intrusive granitic rocks that are inti- 
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mately related to and grade into quartz veins deposited by water. Evi- 
dence of this kind is set forth by Lindgren [20, p. 94] as follows : 

“The best general evidence of the existence of juvenile waters is 
furnished, not by observation of the present springs but by the study of 
old intrusive regions. Here the granites merge into pegmatite dikes, the 
latter change into pegmatite quartz, and this into veins carrying quartz 
and metallic ores, such as cassiterite and wolframite. Here we have 
evidence difficult to controvert that dikes consolidated from magmas 
gradually turn into deposits the structure and minerals of which testify 
to purely aqueous deposition. This admitted, it is difficult to see what 
would prevent such waters from reaching the surface.” 

The work of Allen and Day [1, 9] has produced rather .conclusive 
evidence that the water of some of the hot springs is in part juvenile 
water. 


DISCHARGE OF GROUND WATER 
General conditions 

Water is discharged from the zone of saturation by the hydraulic 
process, or discharge through springs, and by the less conspicuous but 
equally effective process of evaporation, including both evaporation from 
the soil and transpiration of plants in areas having a shallow water table. 

In most of the terranes in the eastern part of the United States, where 
the climate is relatively humid, the main streams receive water from 
numerous branches, which are fed by effluent seepage at many points 
and which gradually increase in flow downstream. In the limestone 
terranes, however, there are generally only a few spring-fed branches, and 
these rise in bold springs — that is, springs that flow freely from a few large 
openings. In the areas covered by the latest glacial drift the stream sys- 
tems are only poorly developed, and hence the water table stands high 
and there are many swampy tracts except where they have been drained 
artificially. In these poorly drained areas the discharge of ground water 
by evaporation (including transpiration) is relatively large, whereas in 
most limestone areas it is relatively small. 

In an approximate inventory of the water supply of the drainage 
basin of the Pomperaug River in Connecticut during a 3-year period 
[26, pp. 114-124] the average annual precipitation was computed to be 
about 44.5 inches and the average annual ground-water recharge about 
15.6 inches, of which an average of about 8.7 inches was discharged as 
effluent seepage or ground-water runoff and 6.2 inches as ground-water 
evaporation (including transpiration), whereas an average of 0.6 inch was 
added to the ground-water storage during the period. From November 
to April the ground-water discharge was nearly all effected by effluent 
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seepage, but from May to October less than one-third was due to effluent 
seepage, the rest being due to evaporation (including transpiration). 



Fig, Xa“ 7.— Map of the northern drainage basin of Big Smoky Valley, Nev., showing intake and 
discharge of ground water. {After U. 8. Geel, Survey Water-Supply Paper 836-D.) 


Toward the less humid parts of the country the rate of ground-water 
recharge and consequently also the rate of ground-water discharge decrease 
more rapidly than the precipitation, and the rate of ground-water runoff 







416 


HYDROLOGY 


decreases still more rapidly, because the proportion of discharge by evapo- 
ration increases. Consequently in the Great Plains springs are scarce and 
small except in a few areas that have especially favorable geologic struc- 
ture. In the drainage basin of the Tarkio River, in southwestern Iowa, 
during a period of 4 years, the average annual precipitation was computed 
to be 27 inches and the average annual ground-water runoff only 0.5 inch. 

Over large plateau areas in the western mountain region springs and 
streams are lacking or very scarce. In the high mountains of that region 
however, there are many streams that are fed perennially or during large 
parts of each year by springs or by melted snow. The mountain springs 
are of many kinds, but they are largely seepage springs that discharge 
w^ater from the surficial materials overlying relatively impermeable rock. 

After the streams leave the mountains they flow down over their 
alluvial fans and lose all or a large part of their water by influent seepage. 
A large proportion of the intermountain valleys have closed drainage 
basins. With respect to ground-water discharge, these closed basins are 
of two kinds — (1) those which lose all their ground water by subterranean 
leakage out of the basin, the w'ater table being at considerable depth even 
in the lowest places, and (2) those in which the water table is at or 
near the surface in the low central areas and in w'hich ground water is dis- 
charged in part by springs but generally in much greater quantities 
through evaporation, including transpiration. (See Fig. Xa-7.) Basins 
of the second class are the most numerous, and economically they are by 
far the most important. The playas, which occupy the lowest parts of 
the basins, are underlain by nearly impermeable clay that permits only a 
small amount of upward percolation. Near the margins of the playas 
there are commonly belts of springs that discharge the overflow of the 
underground reservoir. Surrounding the playas are broad belts of char- 
acteristic desert plants, called phreatoph 3 rtes, which habitually obtain 
their water supplies by sending their roots down to the water table. 

Springs 

Springs have been of great interest and fascination for mankind since 
the beginning of human history and doubtless since the beginning of the 
human race. They occur in great variety, with many spectacular features. 
Their origin has appeared mysterious and indeed providential; they are 
generally surrounded with verdure; they give rise to the “living” streams; 
and for ages they have been the sources of the cleanest and most attractive 
water supplies available to man. The lore as to the healing properties 
of spring waters is of ancient origin and is deep-seated in human thought. 
Since the beginning of geology they have been of great scientific interest 
because of their close relation to rock stratigraphy and structure and to 
the changes that have taken place within the rocks. Thus it is not sur- 
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prising that springs have been given scientific and pseudoscientific study 
from a number of viewpoints. The subject can here be covered only in 
brief outline. 


Spring openings 

Springs differ greatly in the size and number of the openings through 
which the water issues, the areas over which the openings are distributed, 
and the rate at which the water flows out of them. Springs that ooze 
or percolate out of many small openings are generally called seepage 
springs. They may discharge so little water that they are hardly notice- 
able. Their water may flow only a short distance or may scarcely wet the 
ground before it evaporates. They are true springs, however, if their 
water flows out upon the surface by hydrostatic pressure, as distinguished 
from moist areas in which the water reaches the surface by capillarity. A 
seepage spring may flow at night or on a cool cloudy day but may stop 
entirely on a hot sunny day, when evaporation is so great that the water 
table retreats below the surface. ■ Effluent seepage occurs over extensive 
lowland tracts commonly called seepage areas. The amount of ground- 
water discharge of this kind is generally underestimated. The large 
springs that issue from definite openings naturally attract attention, but 
a great part of the total ground-water runoff comes from inconspicuous 
but widespread seepage. 

If a seepage area is examined closely it is usually found, however, 
that most of the water comes from certain localities and that the inter- 
vening parts of the area contribute relatively little. This partial localiza- 
tion of the discharge is due in part to similar localization in the routes 
followed by the water through the formation and in part to the develop- 
ment of discharge conduits near the surface. The concept that ground 
water moves uniformly through the entire mass of a formation is somewhat 
inaccurate except for the best-assorted granular deposits. Near the sur- 
face these avenues of ground-water movement are further opened by 
weathering processes and to some extent by the work of the escaping 
water in carrying out the finer sediments, not unlike the process of develop- 
ing a gravel screen around the intake of a well by vigorous pumping. 

The hard and compact rocks generally give rise to springs that are 
more definite and more localized. These springs generally issue from 
joints or large fissures or fissure zones, which have been cleaned out and 
enlarged by the percolating water. They are commonly called fissure 
springs or fracture springs. In limestones and other soluble rocks the 
passages along which the water percolates are enlarged by the solvent 
action of the water, in some places forming great imderground drainage 
systems, with huge springs issuing from great natural timnels. Springs 
that issue from tubelike openings are commonly called tubular springs. 
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Forces producing springs 

Springs have been divided by Bryan [5, pp. 557] into (1) springs due 
to gravitative pressure transmitted through a continuous body of ground 
water and (2) springs of deep origin flowing as the result of agencies other 
than gravity, operative deep within the earth, largely the expulsion of 
water during the crystallization of igneous rocks. The second class 
he divided into two subclasses — (1) springs associated with voicanism or 
volcanic rocks and (2) springs due to faults or fissures extending deep into 
the earth. 

Altogether the following agencies are probably concerned in bringing 
water to the surface : 

Gravity acting more or less directly on the water; 

Causing ground water to descend to the springs. 

Causing water in artesian systems to rise to the springs. 

Xongravitative forces or forces only indirectly due to gravity; 

Due to the heat o'f the earth; 

Decreasing the specific gravitj' of the water that percolates to considerable depths 
in artesian systems. 

Producing steam. 

Due to gases associated with the ground water; 

Exerting pressure. 

Decreasing the specific gravity of the water and gas mixture. 

Due to the weight of overlying rocks, which compresses porous formations and expels 
water from them. 

Due to expulsion from solidifying magmas. 


Rock structure in relation to springs 

On account of the complicated structure of the rocks there is great 
irregularity in the distribution, size, and character of the springs. All 
that is known of the stratigraphy and structure of a 'region must be 
requisitioned to explain its springs, and at best the subject is likely to 
involve uncertainty because the details of the geology can be only imper- 
fectly ascertained. The difficulties of determining the structure that pro- 
duces springs are due in part to poor exposure of the rocks in the vicinity 
of many springs and in part to the tendency of the water in many places 
to percolate considerable distances through surficial deposits after it 
leaves the rock structure that is essential in bringing it near the surface. 
The poor exposures are due to unusual amounts of weathering and plant 
growth, to precipitates from the spring water, to accumulations of wind- 
blown dust and sand in the moist spring areas, and to accumulations of 
talus and alluvium in the low places where springs commonly emerge. 
Generally the cause of a spring is found by inference after studying the 
geology of the surrounding country rather than by direct observation of 
the rocks from which the water emerges. 
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Bryan divided the springs produced by gravity into the following 
four groups: 

Depression springs, due to the land surface cutting the water table in permeable rocks. 

Contact springs, due to permeable water-bearing rock overlying relatively impermeable 
rock. 

Artesian springs, due to a permeable water-bearing bed between relatively impermeable 
confining beds. 

Springs in impermeable rocks (tubular and fracture springs). 

Each of these four groups is subdivided further, the subdivision of 
the large group called contact springs being especially detailed. Keilhack 
and other authors have made classifications that differ more or less from 
those of Bryan. 

Topographic and geologic features produced hy springs 

The location of springs in any region is determined by the topography 
and structure of the region. On the other hand, when the springs come 
into existence they are likely to develop minor topographic and geologic 
features by their own activity. Ground water is ever active as an agent 
of erosion, deposition, or replacement, and its activity is greatly intensified 
at or near the points where it is discharged through springs. The features 
produced by springs are of two general types — the destructional features, 
or those produced by erosion, and the constructional features, or those 
produced by deposition. 

As a rule, the streams issuing from springs are not so effective in 
erosion as those that carry more or less direct runoff, for the following 
reasons: (1) They are nearly devoid of suspended matter, whereas ordi- 
nary streams accomplish most of their erosion by means of the sand 
grains, pebbles, and boulders which they carry in suspension or roll along 
the stream beds; (2) they fluctuate less and hence do not exert the destruc- 
tive energy characteristic of streams in flood; and (3) their water is com- 
monly more mineralized and may tend to deposit mineral matter rather 
than to dissolve it. Erosion features are of two principal types — (1) 
channels or valleys eroded by the spring water at the point of discharge 
or as it flows over the surface after it has been discharged, and (2) deep 
pools that form the vents from which the ground water flows. 

Many of the springs that are not depositing mineral matter issue from 
the heads of alcoves, channels, or ravines that have been excavated by 
the spring water. Springs in limestones or gypsum may issue from large 
and definite tunnels that were formed by the solvent action of the spring 
water. Remarkable alcoves, or “box canyons,” in lava rock open into 
the canyon of the Snake River, in southern Idaho, and have very large 
springs at their heads. These features were described by I. C. Russell 
and have been studied more recently by Stearns [41, pp. 141-151], who 
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believes that they were produced by gradual solution of the basalt by the 
spring water. Three of these — Blue Lake Canyon, Box Canyon, and 
Little Canyon — have no streams entering them from the adjacent uplands 
and can therefore not be accounted for except by the erosive work of their 
springs. 

Many springs consist of deep pools that overflow and are perpetually 
replenished from beneath. The water in these pools is generally very 
clear, and the bottom of some of the pools is distinctly visible. In some 
pools the water has a beautiful bluish color due to effects produced by 
minute particles held in suspension. Hence the common name “Blue 
Springs.” Some of the pools are inhabited by fish that can readily be 
seen in the clear water and have in some places given rise to the name 
“Fish Springs.” Many pools are reported to be remarkably deep, but 
frequently the depth is greatly exaggerated. Spring pools are formed in 
different ways, and the origin of some is not fully understood. Some 
occupy the centers of spring-built mounds and thus are features of deposi- 
tion rather than of erosion, but very commonly they are excavated out of 
the older formation. Some are found in limestone terranes and are 
generally due to the solvent action of ground water that rises through 
crevices from some deeper source or to sinkholes formed at a time when 
the water level was lower. Many of the distinctive spring pools, however, 
are not found in limestone or other indurated rocks but in relatively 
unconsolidated material. Thus, spring pools with a pronounced family 
resemblance occur in great numbers in some of the intermontane valleys 
in the western part of the United States. 

Spring pools that do not have enough head to discharge water at the 
surface are, strictly, not springs at all. If they are associated with pools 
that discharge they are commonly regarded as springs ; if they are not near 
true springs, are deep and steep-sided, and have relatively small water 
surfaces, they may be called natural wells ; if their sides are less precipitous 
and they have relativ^ely large water surfaces they are regarded merely 
as ponds or lakes. 

Natural wells or spring pools that do not discharge are of two general 
types. One type consists of pools that formerly discharged and that may 
have been developed in the same manner as the pools that still discharge. 
They generally occupy more or less definite mounds, and the subsidence 
of their water levels is generally due to new avenues of escape which the 
spring water has found at a lower level. The other type consists of holes 
that extend down into the zone of saturation but were not developed by 
the discharge of ground water and never served as outlets for springs. 
The most common spring pook of this type are sinkholes in limestone or 
gypsum, such as the St. Jacobs well, in Kansas, bht holes that expose the 
water table without giving a channel of escape to the ground water may 
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also be produced by the wind, by streams, or by other surface agencies of 
erosion. Huge natural wells are also found in lava beds where lava 
tunnels extend into the zone of saturation. 

Many springs are agents of deposition and have built mounds or 
terraces. The deposits consist largely of chemical precipitates from the 
spring water but partly of the remains of vegetation that flourished in the 
vicinity of the springs and of wind-borne material that has been arrested 
by the vegetation and held by the moisture in the spring localities. Spring 
mounds and terraces are abundant in the western part of the United States, 
where most of the thermal springs and other ascending springs that deposit 
such mineral matter are situated and where the climate is favorable to 
wind work. 

When ground water emerges at the surface its environment is greatly 
changed, which results in disturbances in the chemical equilibrium of the 
substances in solution and frequently in the precipitation of chemical 
compounds. The principal changes that cause such precipitation are 
reduction in pressure, lowering of temperature, freedom to evaporate, 
contact with the oxygen of the atmosphere, contact with algae and 
other organisms, and contact with surface water of different chemical 
composition. 

The deposits built by the precipitates from spring water assume 
various shapes that are controlled by the preexisting topography and 
other conditions. For the most part the deposits assume the shape of 
either terraces or mounds, the terraces being formed chiefly on sloping 
surfaces and the mounds on nearly level surfaces. Where springs that 
deposit calcium carbonate discharge into narrow valleys they may form 
travertine masses that dam the valley and produce rapids or falls. The 
travertine obstruction may be formed either at the spring or at some point 
farther downstream where there are preexisting riffles or rapids that 
expedite the deposition of calcium carbonate. Such rapids and falls, 
with the impounded reaches above them, are essentially modified spring 
terraces. Very beautiful and unusual features are formed by some of 
the springs that emerge below the surfaces of lakes and other bodies of 
water. Instead of building low, compact deposits, such as are formed by 
springs on land, these sublacustral springs tend to produce tall, graceful 
tubular deposits of various fantastic shapes. Such features in Mono Lake, 
Calif., and Pyramid Lake, Nev., have been described by Russell [35a]. 

On arid plains many spring deposits are built by the aid of the wind. 
In the vicinity of the spring the soil is moist and supports bushes or reeds 
that extend above the surrounding desert and break the wind, causing it 
to drop some of its load of sand or dust, where the material becomes moist 
and hence is not readily picked up again by the wind. Thus a spring on an 
arid plain is a veritable trap for wind-borne material. 
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Thermal springs 

In 1937 the Geological Survey published a comprehensive report on 
the thermal springs in the United States by N. D. Stearns, H. T. Stearns, 
and G. A. Waring [42, pp. 59-190]. The following statements are largely 
digested from that paper. It appears that the earliest extensive studies 
of thermal springs in the United States were made by physicians. In 1831 
Dr. John Bell issued a book entitled “ Baths and mineral waters,” in which 
he listed 21 spring localities. In the edition of this work published in 
1856 the number was increased to 181. The earliest report on a geologic 
study of thermal springs was that of W. B. Rogers in 1840 on the thermal 
springs of Virginia. In 1875 G. K. Gilbert published a map and a table 
showing thermal springs in the United States and pointed out that they 
are present chiefly in the mountainous area of folded and faulted rocks. 
The first publication on thermal springs by A. C. Peale a^ppeared in 1883, 
and others appeared in 1886 and 1894. Since that time a considerable 
number of papers dealing with thermal springs have appeared, some of 
them by geologists, such as Emmons, Lindgren, and Weed, who are 
interested in thermal springs in relation to ore deposits, and some by 
volcanologists, who are interested in the relations of thermal springs to 
problems of volcanic action. Especially valuable are the studies of Day 
and Allen in California and Yellowstone Park [1, 9]. 

The two main phases of the problem of the origin of thermal springs 
are the source of the water and the source of the heat. The water may be 
ordinary ground water that percolates downward, is heated, and then 
ascends to the surface; it may be juvenile — that is, a product from the 
magma itself which has reached the surface for the first time ; or it may be a 
mixture of ordinary ground water and juvenile water in any proportion. 
The latest investigations indicate that the thermal springs in the eastern 
part of the United States discharge water that was originally derived 
from the surface and received its high temperature by deep percolation, 
but that the thermal springs in Yellowstone Park and other localities in 
the western part of the country derive a part of their water and much of 
their heat from magmatic sources. 

Any statement as to the number of thermal springs in the United 
States depends upon the classification of springs that are only slightly 
warmer than the normal for their localities and upon the grouping of the 
recognized thermal springs. According to the report above cited, there 
are somewhat over 1,000 thermal springs in the western mountain region, 
52 in the east-central region (of which 46 are in the Appalachian Highlands 
and 6 are in the Ouachita area in Arkansas), and 3 in the Great Plains 
region (in the Black Hills of South Dakota) . (See Fig. Xa- 8.) The States 
having the largest number of thermal springs are Idaho 203, California 
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184, Nevada 174, Wyoming 116, and Oregon 105. The geyser area of 
Yellowstone National Park, however, exceeds all others in the abundance 
of springs of high temperature. Indeed the number of thermal springs 
in that area might be given as several thousand if the individual springs 
were counted instead of being grouped. Nearly two-thirds of the recog- 
nized springs issue from igneous rocks — chiefly from the large masses of 
intrusive magma, such as the great batholith of Idaho, which still retain 
some of their original heat. Few if any, on the other hand, derive their 
heat from extrusive lavas. 

In the paper above cited it is estimated that the total flow of all 
thermal springs in the United States is not more than 500,000 gallons a 
minute, which is equal to 720,000,000 gallons or about 2,700,000 cubic 
meters a day. The average discharge of 177 thermal springs in California 
on which data are available is 91 gallons a minute. The largest thermal 
spring in the United States is probably Warm Spring, in Montana, which 
has a temperature of only 68°F. (20°C.) but has a discharge of about 

80.000 gallons a minute, which is equal to about 115,000,000 gallons or 

440.000 cubic meters a day. 


Size of springs 

What is a large spring? This question will be answered very dif- 
ferently in different localities. In localities of small springs the designa- 
tion “Big Spring” is doubtless borne by springs that yield no more than 
10 gallons a minute, and in many parts of the United States a spring that 
discharges 1 second-foot — that is, 1 cubic foot a second, or 448 gallons a 
minute, would be regarded as a remarkable spring. On the other hand, in 
regions of truly large springs, springs yielding at the rate of several second- 
feet are sometimes called small springs. 

In 1923 the writer [25, p. 53] called attention to the need for a classifi- 
cation of springs according to their rates of discharge and proposed two 
systems of classification — one based on the metric system and the other 
on the units commonly used in the United States. The second system, 
which has come into use, especially with respect to very large springs, is 
outlined in the following table : 

Classification of springs with respect to size, based on -units -used in the United States 


Magnitude Discharge 

First 100 second-feet or more. 

Second 10 to 100 second-feet, 

Tfiird 1 to 10 second-feet. 

Fourth 100 gallons a minute to 1 second-foot (448-8 gallons a minute) 

Fifth 10 to 100 gallons a minute. 

Sixth 1 to 10 gallons a minute. 

Seventh 1 pint to 1 gallon a nunute. 

®^i*th Less than 1 pint a minute (less than 180 gallons or about 

5 barrels a day). 
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In the United States there are doubtless thousands of springs of the 
third magnitude, as defined above, and hundreds of springs of the second 
magnitude. According to a study made by the writer [27, p. 47], there 
are in the entire country 65 springs of the first magnitude, of which 
38 rise in volcanic rocks or associated gravel, 24 in limestone, and 3 in 
sandstone. Of the first-magnitude springs in volcanic rocks or associated 
gravel, 16 are in Oregon, 15 in Idaho, and 7 in California. Of the limestone 
springs, 9 rise in Paleozoic limestone (8 of them in the Ozark area of 
Missouri and Arkansas), 4 in Lower Cretaceous limestone (in the Balcones 
fault belt in Texas), and 11 in Tertiary limestone (in Florida or adjacent 
area). The 3 springs that issue from sandstone are in Montana. They 
are believed to owe their great discharge to faults or to other special 
features. With the additional data now available some revision of these 
figures could be made, but it would be of minor character. 

The recorded discharge (generally the average of available measure- 
ments) of a few of the largest springs and groups of springs is given in 
the following table : 


Recorded discharge of very large springs and groups of springs in the United Stales 


i 

Cubic feet 
a second 

Gallons a day 

Cubic meters 
a day 

Springs in volcanic rock or associated gravel : 
Sheet) Bridge Spring, Oreg 

' i 

323 

209,000,000 ; 

791,000 

Springs along 10-mile stretch of Metrolius 
River, Oreg 

j 

1,070 

692,000,000 

2,619,000 

Springs along 10-mile stretch of Fall River, 
Calif 

1,400 

905,000,000 

3,425,000 

Malade Springs, Idaho 

1,,133 

732,000,000 

2,761,000 

Thousand Springs, Idaho 

864 

558,000,000 

2,112,000 

Springs along 50-mile stretch of Snake River, 
Idaho 

5,085 

3,787,000,000 

14,334,000 

Springs in limestone: 

Big Springs, Mo 

428 

277,000,000 

1,048,000 

Comal Spring, Tex 

330 

214,000,000 

810,000 

Silver Spring, Fla 

808 

522,000,000 

1 1,976,000 

Spring in sandstone: 

Giant Springs, Mont 

600 

388,000,000 

1,447,000 


Fluctuation of springs 

Most springs fluctuate greatly in their rate of discharge but some are 
nearly constant. The fluctuations are produced chiefly by variations in 
the rate of recharge and in the rate of discharge by evaporation and trans- 
piration, but other influences are also effective. The response to these 
variations differs greatly in different springs, according to the geologic and 
other conditions in the areas from which the springs are supplied. Some 
springs respond promptly and decisively to recharge, others only with 
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much lag or with only very gradual increase in flow. Conversely some 
springs decline quickly or dry up in times of drought, but others are only 
slightly affected even by severe droughts. 

Springs that obtain their supplies from surficial material of low spe- 
cific yield generally fluctuate greatly, having strong flow in rainy seasons, 
especially during the winter, when the vegetation is dormant, and decreas- 
ing greatly in flow during long droughts, when the ground-water levels 
are lowered and the vegetation absorbs much of the shallow ground water 
before it reaches the spring openings. In the arid regions and during long 
droughts in the more humid regions springs of this type and streams fed 
by them show daily fluctuations, the flow generally being least in the after- 
noon, when the vegetation makes its heaviest demands, and greatest at 
night, when there is almost no transpiration. 

Springs that obtain their supplies from surficial material with high 
specific yield may have relatively constant flow, because reservoirs of such 
material will take in and discharge large quantities of water with relatively 
small fluctuations of the water level. Thus streams issuing from the sand 
hills in Nebraska have well-sustained flow in dry seasons, because they 
are supplied at a fairly constant rate from the large quantity of water 
stored in the sand deposits. 

Springs of the artesian type are relatively constant in flow, because 
they are supplied from the storage in deep reservoirs, which does not 
fluctuate greatly with the fluctuations in recharge and is protected from 
depletion by evaporation and transpiration, especially if the water is dis- 
charged through large definite openings. Springs of this type probably 
fluctuate with changes in atmospheric pressure and with changes in dif- 
ferent agencies that produce pressure on the artesian aquifers that supply 
the springs, but not much definite information is as yet available on this 
subject. The water of the Warm Springs in Georgia is believed to come 
from surface sources, but it percolates to a considerable depth, where it 
obtains its relatively high temperature [11]. During the period from 
January 1, 1934, to June 30, 1935, the temperature of the water at the 
main source fluctuated less than 1°F, (between 87.6° and 88.2°F.) ; during 
this period the discharge of the springs was also relatively constant from 
day to day but nevertheless ranged between 595 and 678 gallons a minute. 
As shown in Figure Xa- 9, the fluctuations in discharge followed the' varia- 
tions in rainfall and ground-water level but with considerable lag. 

Limestone springs differ in the amount of fluctuation according as 
they are fed by reservoirs having large storage or are the outlet of under- 
ground drainage systems with little storage. A striking example of great 
fluctuation in the discharge of a very large limestone spring is furnished 
by a 10-year record (1894-1903) of the Fontaine de Vaucluse, the largest 
spring in France. According to Pochet [33, p. 424], the discharge of this 
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spring ranged during the 10-year period from 159 to 5,295 second-feet 
and averaged 808 second-feet. 

The very large basalt springs on the Snake River in Idaho are rela- 
tively constant. The combined flow of Blue and Clear Lakes during 
the period from June 1, 1917, to December 31, 1930, ranged between about 
660 and 760 second-feet, and the combined flow of all the large springs 
on the Snake River between Milner and King Hill during the period from 
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Fig. Xa-9. — Relation of discharge of Warm Springs (Warm Springs, Ga.) to rainfall and ground-water 

level at Roosevelt Farm. 

May 1, 1917, to December 31, 1918, ranged between 4,827 and 5,377 
second-feet [27]. Figure Xa-10 shows that the moderate fluctuations of 
these springs are due largely to irrigation and indicates that prior to 
irrigation their flow must have been even more nearly constant. 

In many of the intermontane valleys of the West, where the ground- 
water recharge is derived chiefly from mountain streams that are largest 
in the spring, the valley springs reach their peak flows during the summer, 
soon after the season of greatest recharge. In Pahsimeroi Valley, Idaho, 
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the maximum discharge of the springs 
occurs in August and September, when it 
may exceed 140 second-feet. This is 
perhaps 2^2 or 3 naonths after the peak 
flow of the mountain streams. Thus the 
annual pulse advances as follows : First, the 
rapidly melting snow swells the streams, 
causing large seepage losses from the 
streams and correspondingly large con- 
tributions to the supply of ground water, 
which build up the water table along the 
streams; then the streams subside, but the 
discharge from the springs in the lowlands 
reaches a maximum ; lastly, the water table 
becomes persistently flatter and lower and 
the discharge from springs gradually 
declines to a minimum fust before the 
beginning of the floods of the next year. 

It sometimes happens that toward the 
end of a long period of drought in the 
autumn springs that have been dry break 
out again and resume flowing, while others 
increase visibly in discharge. This occurs 
most commonly in California and other 
regions that have a pronounced dry season 
in the summer and autumn . Such increase 
in the flow of springs, coming before any 
rain that could relieve the drought, appears 
to casual observers as an anomalous occur- 
rence but is readily explained by the fact 
that at a certain time in the autumn 
evaporation and transpiration decrease 
abruptly and their effects on springs 
beqpme slight. In some places the re- 
juvenation of the springs before the end of 
a drought may be due to lag in the effects 
of the recharge during a rainy season prior 
to the drought. 

Ebbing and flowing springs 

Ebbing and flowing or periodic springs 
are distinctive features that are entirely 
different from the ordinary intermittent 
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springs that flow in wet seasons and disappear in dry seasons. An ebbing 
and flowing spring has periods of flow, when it flows vigorously, and periods 
of ebb, when it ceases to flow or flows at a greatly reduced rate. .The periods 




Fig. Xa- 11. — Hydrographs, for selected days, of the ebbing and flowing springs near Broadway, Va., 

, a,nd Afton,. Wyo. {After U. S* Qedh Surmy Waier-Sup,piy Pajjer 836-D.5 ^ . .. 

of flow naay occur at nearly regular intervals or at very irregular intervals; 
they may occur at intervals of a few minutes or a few hours or even a few 
days or longer. All or nearly all the springs of this type issue from lime- 
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stone. Nearly all are far from the ocean and they have no relation what- 
ever to oceanic tides. In their periodic action they resemble geysers, but 
their water has the normal temperature of ordinary ground water, and they 
do not generally emit any noticeable amount of gas. 

After many years of inquiry and search incidental to other work, only 
23 springs of this kind have been located in the United States, of which 
9 are in Virginia, 4 in Missouri, 3 in Tennessee, 2 in West Virginia, and 
1 each in Nevada, New Mexico, Pennsylvania, Utah, and Wyoming. 
The largest and most spectacular of these springs is the so-called “Geyser,” 
in Wyoming, which at maximum flow on September 29, 1933, had a meas- 
ured discharge of about 17,000 gallons a minute. Automatic recorders 
have been maintained on several of these springs. A nearly continuous 
record for a period of more than five years was obtained for the so-called 
“Tide Springs,” in Virginia. (See Fig. Xa-11.) A few distinctive ebbing 
and flowing springs in Europe and other parts of the world have been 
described. 

In 1724 the periodic action of springs of this type was ascribed by 
J. T. Desaguliers to natural siphons in the rocks. Study of the springs 
and of their performance, as shown by continuous records, seems to con- 
firm the siphon theory and suggests that the irregularities are caused 
chiefly by variations in water supply and in air-tightness of the siphon 
system with alternations of wet and dry seasons and successive freezing 
and thawing of the ground. Some puzzling features, however, remain 
unexplained. 

Permanent changes in springs 

Permanent changes in springs may be caused by either natural or 
artificial agencies and may occur very gradually or suddenly. Throughout 
geologic time there has been constant change in springs. As a region was 
uplifted from the sea springs came into existence, and as the erosion cycle 
advanced toward maturity many new outlets for the ground water were 
developed, the ground-water circulation was quickened, and the number 
of springs was multiplied. Moreover, surface erosion and subterranean 
solution tended constantly to drain the higher springs and to develop new 
springs at lower levels. Other processes of degradation and aggradation 
also had their effects on the springs. Continental ice sheets have in some 
places changed completely the system of springs ; streams that have built 
up large alluvial deposits have produced marked changes in springs; 
and even the wind in eroding and transporting loose materials has devel- 
oped springs by exposing the water table or damming the surface water. 
New springs may also be created or old ones permanently altered by such 
sudden events as earthquakes, volcanib eruptions, landslides, and cave-iiis. 
In many places large deposits of travertine bear witness to the existence 
of springs that have disappeared. 
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The changes made by man have greatly affected the discharge of 
springs in certain areas and have probably produced gradual changes in 
many others. It might be expected that in the United States such changes 
would be especially noticeable, because the country w^as so recently in its 
primeval condition and has been so rapidly and extensively settled and 
modified by human activity. Many springs have been dried up or their 
flow greatly reduced by the construction and operation of wells, mines, 
tunnels, drainage systems, and. other excavations. On the other hand, 
irrigation has resulted in a large increase in the quantity of water that 
reaches the zone of saturation in some places and has been the cause of 
new springs and seepage areas. 

The cutting of the timber and the development of agriculture are 
beheved to have had the general effect in many parts of the country of 
reducing the flow of springs and spring-fed streams by reducing recharge. 
Such general changes have been difldcult to establish, however, because of 
the lack of records of original conditions and because the changes are 
obscured by natural fluctuations from season to season and from year to 
year. 

Sudden failure of springs is often reported, caused presumably by an 
explosion or by some catastrophic oecmrence that either clogged a water- 
bearing crevice tributary to the spring or opened a new outlet. However, 
most springs that are regarded as failing on account of some mysterious 
subterranean cause are in fact merely feeling the effects of a drought or of 
some drainage or pumping development. 

Effects of earthquakes on springs and wells 

Disturbances in the water of springs and wells occur frequently in 
connection with earthquakes. The following changes produced by earth- 
quakes have been reported; Rise or fall of the water levels in wells; roiling 
of the water of springs and wells ; increase or decrease in the discharge of 
springs and flowing wells or complete cessation of flow; rise or fall in the 
temperature of the water of springs and weUs; increase or decrease in the 
amount of gas emitted by splrings and weUs; emission of gas, such as 
hydrogen sulphide, that did not previously exist; changes in the mineral 
character of the water; breaking out of new springs; rise of ground water 
to the surface because of sinking of the land or opening of fissures; and 
forcible ejection of water, mud, or a mixture of sand and water from 
fissures or other openings in the earth. Many of these changes are only 
temporary, but some are permanent. 

Rapid fluctuations in water level or artesian pressure caused by earth- 
quakes are frequently registered by the automatic water-stage recorders 
on observation weUs. Some of the earthquakes recorded in the United 
States have occurred in distant parts of the earth — for example, in such 
widely separated regions as Alaska, Chile, and Turkey. These fluctua- 
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tions have been given considerable study by hydrologists and seismologists 
and have been the subject of several technical papers. 

Methods of determining ground-water runoff 

The flow of springs can be measured by several different devices, the 
method used depending on the size of the spring and the conditions of 
discharge. Small springs are often measured volumetrically, and larger 
ones by means of weirs, flumes, or current meters. A pigmy current meter 
has recently been developed by the Geological Survey for use in measuring 
small flows. Continuous records of discharge can be obtained, if the 
springs are not too small, by means of automatic water-stage recorders 
and rating curves, as in stream gaging. If the springs discharge into 
a stream under water it is necessary to measure the flow of the stream 
above and below the springs, the difference being the flow of the springs 
if there are no other complications! Thus the total flow of the Giant 
Springs, in Montana, has been determined to be about 600 second-feet by 
measuring the flow of the Missouri River above and below the springs. 

Most perennial streams receive water from many small and widely 
distributed springs or from general seepage along the trunk streams and 
their many branches. These streams also carry water from rains and 
melted snow that enters the stream systems without first passing below 
the land surface. Thus the runoff consists of two components — called the 
surface runoff and the ground-water runoff or effluent seepage. Both 
of these components fluctuate, but the fluctuations of the surface runoff 
are very great and sudden and the fluctuations of the ground-water runoff 
relatively small and gradual. In the study of both surface water and 
ground water it is desirable to distinguish between these two components 
and to determine the quantity of each. The problem of making such a 
quantitative separation of the water that flows in a stream with respect 
to its origin has been given considerable study, but no wholly satisfactory 
solution has been found. The work done on the subject has been reviewed 
by W. G. Hoyt [14, pp. 111-119, 245-247], who analyzed carefully the 
available methods and published the computed average annual ground- 
water runoff from 22 stream systems in the eastern and central parts of 
the United States. 

At the end of a long period of fair weather all the flow of a stream 
measured at the gaging station may be ground-water runoff. Soon after 
the beginning of a rather heavy rain, overland runoff begins to enter the 
stream system, and then some of the rain water begins to pass the gaging 
station, raising the stage of the stream and recording the passage of surface 
runoff. The effect of the rising stage is to check the effluent seepage, 
and under some conditions an effluent stream may become influent, or 
it may become influent in some places while still receiving ground water 
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in other places. At some time during the flood the lowest ground-water 
runoff occurs, probably about at the peak of the flood. With falling stage 
the ground-water runoff increases rapidly and reaches a maximum at a 
time when the flood crest has passed but the flow of the stream is still 
large. At this time much water is entering the stream system from 
so-called bank storage and from shallow and temporary zones of saturation 
above the main water table. Indeed it is now known that much of the 
flood water of a stream may reach the stream system by a sub.surface 
course. This water may be regarded as ground water, although it belongs 



Fig. Xa-I2. — Graphs showing fluctuations in water level in Difficult Kun near Fairfax, Va., and in 
an observation well five feet from the stream. 


in a different category from the water in the formations below the perma- 
nent water table. It has been called subsurface storm flow. 

Some relations of the stream flow to the water table are illustrated in 
figure Xa-12, which shows the hydrographs of Difficult Run near Fairfax, 
Va., and of a well 5 feet from the stream gage. At noon on April 18, 1940, 
the water table at the well was about 0.9 foot higher than the stream level 
and there was presumably effluent seepage. Precipitation during the 
night of April 19 caused the water level in both the well and the stream 
to rise. At 1 A5 a.m. April 20 the water had risen to the same level in 
the stream as in the well. The stream level continued to rise faster than 
the water level in the well and reached a peak considerably higher. After 
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the peak the stream level declined faster than the water level in the well 
and passed it at about 5 :30 a.m. There is evidently not a wholly simple 
relation between the stream and the ground water at the well. The water 
level in the well rose chiefly before it was eclipsed by the nearby stream 
level, indicating that the recharge occurred from farther upstream or from 
rainfall penetration or from some other source. Likewise the decline 
in the well began while the water level was still below the nearby stream 
level, indicating percolation away from the well site. If the stream had 
risen high enough to flood the lowland the influent seepage and ground- 
water recharge would have been greatly increased. 

No practicable method has been devised for obtaining even a rough 
measure of ground-water runoff during the period when overland runoff 
is entering the stream system. After accretions from overland runoff 
have ceased, the total runoff measured at the gaging station is derived from 
two sources — effluent seepage and withdrawal of water from storage in the 
.stream system. If, therefore, the rate at which water is withdrawn 
from storage can be determined, the effluent seepage entering the stream 
system can be computed from the records of total runoff obtained at the 
gaging station. 

At first most of the measured runoff is generally derived from channel 
storage, but as the period of fair weather proceeds the proportion taken 
from storage decreases until eventually it may form only a very small 
part of the measured runoff. Therefore at first an error of a certain per- 
centage in measuring or estimating the decrease in channel storage will 
generally make a much greater percentage error in the computed ground- 
water runoff, but later even a large percentage error in regard to decrease 
in channel storage will produce only a small percentage error in the com- 
puted ground-water runoff. Thus the channel-storage method is most 
applicable in the last part of a period of fair weather, and its applicability 
early in the period will depend upon the facilities for accurate determina- 
tion of total runoff and decrease in storage. 

In a study by the Geological Survey of the drainage basin of the 
Pomperaug River, in Connecticut [26], which has an area of 89 square 
miles, a gaging station was established' near the mouth of the river. It 
was determined, from considerations of channel storage-, velocity of the 
water, and rate of movement of flood crests, that the direct runoff is nearly 
all delivered from the basin within a week of the time the water falls as 
rain, and that therefore the stream flow a week or more after the latest 
rain is virtually all derived from ground water. A hydrograph was 
constructed of the total runoff for the years covered by the investigation, 
1913 to 1916, and a hydrograph of the ground-water rimoflf was then made 
which coincided with that for total runoff in the long periods of fair weather 
and was interpolated by uncertain criteria between these periods. The 



GROUND WATER 


435 


ground-water runoff was computed from this hydrograph. This general 
method was earlier used in the flood-control investigation of the drainage 
basin of the Miami River, in Ohio, by Houk [13], who prepared a hydro- 
graph of the ground-water runoff of the Mad River for the period 1915 
to 1919 by connecting the low points of the hydrograph for total runoff. 

Recently a detailed study has been undertaken by the Geological 
Survey by the channel-storage method in a drainage basin of only about 1 
square mile, consisting of the headwater area of Difficult Run, in Virginia 
[29], and such studies should be extended to larger basins. In a large 
basin the further complication is encountered that rain producing overland 
runoff occurs more frequently on at least some part of the basin. 

The unit hydrograph, developed by L. K. Sherman and others, affords 
the means for determining the direct surface runoff from rainfall records 
and properly selected stream-flow records. (See Chapter XIe.) It 
should accordingly afford the means for computing the ground-water 
runoff to the extent that it has been determined with sufficient accuracy 
independently of assumptions regarding ground-water runoff. This 
phase of the subject has also been discussed by Hoyt [14, p. 118]. 


Forecasting ground-water runoff 

One of the principal uses of stream-flow records is to forecast, within 
limits, the quantity of water that the streams will carry in the future and 
the distribution of the flow. As streams that are otherwise comparable 
differ greatly in quantity and distribution of flow according to the geology 
and ground-water hydrology of their drainage basins, it appears that these 
branches of science could be put to effective use in forecasting stream flow. 
More systematic study of their use in this respect is much to be desired. 

Fluctuations in the flow of springs and streams at low stages were 
critically studied about the beginning of this century by Maillet [21], with 
the purpose of developing methods of forecasting their flow. He mentions 
several investigations of this subject, dating back to 1863. The subject 
has been given considerable study in recent years, especially as to forecast- 
ing the low flow of streams in the summer and autumn from the ground- 
water runoff or the water levels in wells in the spring. 

The history of the development of normal depletion curves has been 
discussed by R. E. Horton [12], who has presented formulas for such curves 
for drainage basins in which there is no direct abstraction from the water 
table by evaporation or transpiration. Starting at a time when all the 
flow is known to be derived from ground water, the formula permits com- 
putation of the ground-water flow at any subsequent time until there 
is further recharge. By pro jecting the curve backward, it can be used to 
some extent to separate ground-water runoff from surface runoff. 
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Some success has been attained in constructing rating curves for 
ground-water runoff from, average water levels in observation wells of the 
water-table type, brut the stage-discharge relation is radically changed 
by transpiration in the summer. Moreover, considerable increase in 
ground-water runoff may result from recharge near the streams and in 
perched reservoirs during moderate rains that do not affect observation 
wells that are at some distance from the stream.s and extend to the main 
water table. In the eastern part of the United States there is so much 
recharge in rainy periods during most summers that forecasts made from 
water levels in the spring have significance chiefly in dry summers. 

Phkeatophytes 

Perhaps the most outstanding feature of the flora of the desert is its 
relation or lack of relation to the water table. On one hand are the true 
xerophytes, 'which are adapted to extreme economy of water, which 
depend on the rains that occur at long intervals for their scanty water 
supplies, and which during prolonged periods of drought maintain them- 
selves in a nearly dormant condition. On the other hand are the phreato- 
phytes, w'hich habitually grow where they can send their roots down to the 
water table or to the capillary fringe immediately overlying the water 
table and are thus able to obtain a perennial and secure supply of water. 
The term phreatophyte is obtained from the Greek roots meaning a "well 
plant.” Such a plant is literally a natural well with pumping equipment, 
lifting water from the zone of saturation. 

In the most arid regions the plants that feed on ground water stand in 
sharp contrast to the desert plants that do not utilize water from the 
zone of saturation. However, in passing into less arid and then into more 
and more humid regions the control of the water table becomes progres- 
sively less rigid [28, p. 2]. 

The subject of plants as indicators of ground water was discussed by 
Vitruvius and Pliny and by Cassiodorus, who lived in the sixth century. 
The practical aspects of the subject were doubtless understood to some 
extent by Abraham, Isaac, and Moses and by inhabitants of arid regions 
from still more ancient times down to the present. Until recently, how- 
ever, this subject and the entire related subject of ground-water discharge 
by plants received little attention and was not well understood by either 
botanists or hydrologists in' Europe or the United States, whose training 
and work were chiefly under conditions of humid climate. In most of the 
older water-supply papers of the United States Geological Survey dealing 
with discharge of ground water no mention is made of discharge by plants 
or indeed by evaporation from the soil. 

In France the subject received attention by Paramelle in 1856 and 
by Amy in 1861. The theory that plants in general, especially forest 
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trees, draw upon the ground-water supply has been expressed by numerous 
authorities — for example, Ototsky in Russia and McGee in this country. 
The idea that plants of certain species more than others utilize water 
from the zone of saturation has been recognized by Warming and some 
other European botanists and by the botanists Coulter, Coville, Spalding, 
Shantz, Aldous, and Piemeisel in this country. Among hydrologists, 
G. E. P. Smith and Charles H. Lee are pioneers in this subject. In the 
later ground-water investigations by the Geological Survey, especially 
in the survey of desert watering places in 1917-18, the subject has been 
given much attention. It was treated rather comprehensively by the 
writer [28] in 1927. 

The most widespread of the desert phreatophytes, at least in the 
United States,’ are salt grass (Distichlis spicata), grease wood {Sarcobatus 
vermiculatus) , and mesquite ' (Prosopis juliflora, etc . ) . Salt grass shows the 
presence and approximate extent of hundreds of areas throughout the 
West where the water table is within about 12 feet of the surface. Grease- 
wood and mesquite send their roots to much greater depths than salt grass 
and form conspicuous belts adjoining or surrounding the salt-grass areas — 
the greasewood in the northern part of the western arid region and the 
mesquite in the southern part. Greasewood grows luxuriantly where the 
depth to the water table is as much as 20 feet and in some places draws 
on ground water from depths of more than 30 feet. Mesquite sends its 
roots still deeper and in some places utilizes ground water from depths 
of more than 50 feet. Among the cultivated plants the most distinctive 
and aggressive phreatophyte is alfalfa, which readily utilizes ground water 
from rather great depths. Alfalfa was probably a true phreatophyte in the 
Old World long before it was introduced into this country. Among the many 
kinds of trees that depend more or less habitually on ground water may be 
mentioned the willow, cottonwood, and sycamore. The premier of all 
water indicators in the hot deserts of the Old World and in the Salton Sea 
region of this country is the palm tree (Washingtonia filamentosa in this 
country). As described by John S. Brown, it is an unfailing sign of a 
spring or of water that can be found by digging a few feet, and it stands 
up so conspicuously, with its green head high in the air, that it is visible for 
long distances and makes an excellent natural signpost. 

In some localities the ground- water level has been observed to decline 
during the day and to rise at night with clocklike regularity, the decline 
beginning at about the same hour every morning and the rise at about the 
same hour every night. In 1888 F. H, King noted such fluctuations in 
certain shallow wells on low land adjoining the campus of Wisconsin 
University, which he attributed to changes in temperature. Daily fluctua- 
tions of the same character were noted by Prof. G. E. P. Smith, of the 
University of Arizona, in two weUs in San Pedro Valley, Ariz., one in a 
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forest of mesquite, the other in a grove of cottonwoods. Beginning in 
1916 Professor Smith conducted a series of observations on these wells 
which demonstrated that the daily decline of the water table was due to 
withdrawal of ground water from the zone of saturation by the trees. 

In 1925-27 a thorough study of the daily fluctuations of the water 
table caused by transpiration and of the quantities of ground water dis- 
charged by different species of phreatophytes was made by White [50] 
in the Escalante Desert, in Utah. About 75 shallow test wells were put 
down in this area of ground-water discharge in fields of many kinds of 
native phreatophytes and in fields of naturally subirrigated alfalfa. The 
records obtained from these observation wells show that during the grow- 
ing season there is a marked daily fluctuation of the water table nearly 
everywhere in fields of ground-water plants. Usually the water starts 
down at 9 to 11 a.m. and reaches its lowest stage at 6 to 7 p.m. The water 
begins to rise at 7 to 9 p.m. and continues to rise until 7 to 9 a.m. the follow- 
ing morning. The maximum daily drawdown observed during the investi- 
gation amounted to about inches in greasewood and shad scale, 23^^ 
inches in alfalfa, 3M inches in salt grass, and 4]^^ inches in sedges and 
associated marsh grasses. The fluctuations do not occur in plowed fields, 
cleared lands, tracts of sagebrush, and tracts where the water table is far 
below the surface. In general they begin with the appearance of foliage 
in the spring and cease after killing frosts. They cease or are materially 
reduced after the plants are cut. The water table rises sharply almost 
immediately after a rain in fields of phreatophytes during the growing 
season, even though the rain is light and affords no ground-water recharge. 
There is little or no rise of the water table after rains in cleared lands at 
any time or in fields of ground-water plants when plant life is dormant. 

The problem of interpreting the fluctuations of the water table in 
terms of water used by the plants was approached in three ways. (1) 
The amount of ground water discharged daily by the plants was computed 
by the formula q = y(24r + s), in which q is the depth of ground water 
withdrawn, in inches, y is the specific yield of the soil in which the daily 
fluctuation of the water table takes place, r is the hourly rate of rise of 
the water table, in inches, from midnight to 4 a.m., and s is the net fall or 
rise of the water during the 24-hour period, in inches. In field experi- 
ments the quantities on the right-hand side of the formula except the 
specific yield can be readily determined from the automatic records of 
water-table fluctuations. Cylinders were driven near observation wells 
so as to enclose columns of undisturbed soil in the zone in which the fluctua- 
tions take place, and the rise and fall of the water table in the enclosed 
columns after the addition or subtraction of measured amounts of water 
were carefully noted. From these experiments the specific yield of the 
soils was determined. (2) Several phreatophytes were raised in tanks 
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filled with soils of the types itx which the plants were growing, provided 
with an automatic measured water supply, and otherwise equipped so as to 
duplicate as closely as possible conditions that exist in the field. Daily 
fluctuations of the water table similar to those that occur in the field were 
obtained in the tanks. These fluctuations were correlated with the daily 
ground-water discharge as indicated by the measured water supply 
delivered to the tanks. (3) The amount of water required to produce 
a unit weight of dry vegetable matter in the tanks was computed, and the 
coefficient of ground-water discharge thereby obtained was applied to the 
field on the basis of dry weight of vegetable matter produced per unit area. 

WATER-BEARING FORMATIONS IN THE UNITED STATES 
AND THEIR DISTRIBUTION 

The United States can be divided into four regions with respect to 
ground water — (1) the East-Central old-rock region, (2) the Atlantic and 
Gulf Coastal Plain region, (3) the Great Plains region, and (4) the Western 
Mountain region [24]. (See Fig. Xa-13.) 

The East-Central region includes about one-third of the area and two- 
thirds of the population of the country. Most of the region is underlain 
by Paleozoic rocks, including water-bearing sandstones and limestones and 
unproductive shales ; the deep water from these rocks is highly mineralized. 
Parts of this region are underlain by Pre-Cambrian or Triassic rocks that 
yield small supplies. The glacial drift, in the northern part, and the glacial 
outwash sand and gravel beyond the drift border yield numerous large 
water supplies. 

The wide and well-populated coastal plain bordering the Atlantic 
Ocean and Gulf of Mexico is underlain by Cretaceous, .Tertiary, and 
Pleistocene formations, including many beds of sand and limestone that 
yield numerous supplies of water, many of which are large. 

The semiarid or subhumid plains region lying east of the Rocky Moun- 
tains contains extensive Tertiary and Pleistocene deposits of water-bearing 
sand and gravel and Cretaceous sands that yield highly mineralized 
artesian water, especially in North Dakota and South Dakota; also water- 
bearing glacial drift in the north and productive Permian limestone in 
the Roswell artesian basin in New Mexico. In the areas of Cretaceous 
shale the water supplies are scarce. 

The Western Mountain region, which occupies about one-third of 
the area of the country, is chiefly arid and contains extensive tracts in 
which water supplies are scarce. Its principal water-bearing beds are the 
sand and gravel in the Pleistocene or Tertiary valley fill, which in some 
parts, especially in California, yield very large supplies. In some places 
in the Northwest the Tertiary volcanic rocks yield much water to springs 
and wells. 
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Fig. Xa-13. — Map of the United States showing the four major regions with respect to ground 
water and their subdivision into ground-water provinces. (After U. S. Geol. Survey Water-Supply 
Paper 489, with some revision of provinces in the West, in part after C. F. Tolman. Reproduced 
from tV'ater-Supply Paper 836-D. See explanation below.) 

Explanation of figure Xa-13 

EasUQeniral region of Paleozoic and other old rocks . — Province C is underlain by igneous and 
metamorphic rocks (chiefly p re- Cambrian) and Triassic sandstone. These rocks yield many 
small supplies of go^d water. Province D is mountainous and is underlain by folded and faulted 
Paleozoic strata, pre-Cambrian metamorphic rocks, and associated igneous rocks. These 
rocks supply water of good quality to numerous springs, spring-fed streams, and shallow wells. 
In province B the bedrocks (chiefly metamorphic) are overlain by glacial drift. The bedrock 
and boulder clay yield many small supplies of good water, and glacial sand and gravel yield 
large supplies in some places. Provinces E, F, and G are underlain by Paleozoic rocks. The 
sandstones and limestones yield good water to shallow wells, but deep wells strike mineralized 
water, much of which is unfit for use. The shales yield meager supplies. The glacial drift in 
province F yields many supplies, both large and small. The outwash sand and gravel in valleys 
in province G and the northern part of province E yield large supplies. In province H glacial 
drift yields many water supplies, but where the drift is thin only meager supplies are obtained 
from the underlying granite or other pre-Cambrian rocks. The water ranges in quality from 
soft and good in the eastern part of the province to highly mineralized and even unfit for use 
in the w^tern part. 

Atlantic and Gulf Coastal Plain region,— In province A Cretaceous, Tertiary, and younger 
strata ‘of sand and limestone yield many small and many large water supplies. Much of the 
water is of good quality, but some is salty. 

Great Plains region . — Provinces I, J, K, N, O, and Q' are in general underlain by Cretaceous 
formations — chiefly unproductive shale with interbedded or underlying sandstone that yields 
highly mineralized artesian water. Flowing w^ells are especially abundant in province I. In 
large areas in province Q' and in most of province J, except in the Black Hills, thick Cretaceous 
shales occur at the surface and are barren of water or yield only meager supplies of poor water. 
In province 0 and the eastern part of province N the Cretaceous strata are overlain by strata 
of early Tertiary and perhaps in part late Cretaceous age, which include sand, gravel, and coal 
that in most places yield small to moderate supplies. In provinces I and N the glacial drift 
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generally yields supplies of hard but otherwise fairly good water. In provinces K and L 
Tertiary and Quaternary sand and gravel yield abundant supplies of somewhat hard but other- 
wise good water in most places. The underlying Cretaceous formations in province K and 
the underlying Permian or Triassic ^^Red Beds’' in province L furnish water supplies in some 
places but generally are not of much value, and where they occur at or near the surface water 
may be scarce. In the Roswell artesian basin, in province M, Permian limestone yields large 
supplies of hard but usable water. Elsewhere the Carboniferous rocks underlying this province 
generally yield only meager supplies of poor quality, but in certain areas alluvial sand and gravel 
furnish abundant supplies. 

Western M ouniain region. — In the Rocky Mountains (provinces P and R) and the Sierra 
Nevada (part of province U) water supplies are furnished by springs, streams, and shallow 
wells. In province Q more or less flat-lying Paleozoic, Mesozoic, and younger strata form dis- 
sected plateaus with generally meager water supplies. In province S extensive lava beds and 
associated gravel give rise to very large springs and in some places yield large supplies of good 
water to wells. In provinces T, U, V, W, and X, sand and gravel in the broad valleys between 
mountain ranges yield numerous supplies of generally good water, at many places in large 
quantities. In parts of these provinces water supplies are obtained also from lava beds, glacial 
outwash, and other formations. 
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Xb. movement of ground water and its relation to head, 

PERMEABILITY, AND STORAGE 
Oscar E. Meinzbr’ and Leland K. Wenzel^ 

LAMINAR AND TURBULENT FLOW 

The water in the interstices of the permeable rocks in the zone of 
saturation is, as a rule, moving very slowly and very steadily. This steady 
kind of movement is called laminar flow, also stream-line or viscous flow. 
In each thread of the laminar movement there is an endless procession of 
particles of water, following the same path, propelled by the differential 
head that overcomes the friction with the adjacent thread of more slowly 
moving particles nearer the wall of the opening. The different threads are 
not entirely parallel nor are they in straight lines, for they converge 
where they pass through narrow necks and diverge where they emerge into 
large interstices. The rate of movement is not the same in the different 
threads, those nearest the walls having the slowest rate and those in the 
middle the most rapid. Neither is the rate of movement of any particle 
constant, for it speeds up very gradually in approaching the necks and 
slows dowm where it enters the larger spaces. However, the whole process 
is conceived to be perfectly orderly, each water particle moving in a path 
that is predetermined by the irregular shapes of the interstices and the 
three-dimensional system of hydraulic gradients adjusted to these inter- 
stices- — urged ever forward, gently but persistently. 

In contrast to laminar flow is turbulent flow, in which eddies occur 
and the water particles move in irregular circuitous paths. It has been 
recognized for some time that the flow of water in pipes and open channels 
may be either laminar or turbulent. In general, laminar flow occurs at 
relatively low velocities and turbulent flow at higher velocities. The flow 
in rivers and creeks is generally turbulent, whereas the flow of ground 
water is laminar except under unusual conditions, as perhaps in some 
underground streams in cavernous limestone or where the ground water is 
entering a heavily pumped well [23]. 

The nature of the two modes of flow was demonstrated by Reynolds 
[25] in a series of experiments on parallel glass tubes of different diameters 
up to 2 inches. The velocity at which eddy formation is first noted in a 
long tube is termed the “higher critical velocity.” There is also a lower 
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critical velocity, at which the eddies in originally turbulent flow die out. 
If the water is moving with laminar flow at a velocity between the two 
critical velocities, it is in an unstable state, and any slight disturbance 
may cause it to break down into turbulent motion. The critical velocity 
varies directly with the viscosity and hence is higher in cold than in warm 
water. It varies inversely with the diameter of the tube and with the 
roughness of the walls of the tube. The nature of the two types of flow 
was demonstrated visually by Reynolds and later by H. S. Hele-Shaw 
for openings of both regular and irregular shape [19]. (See Fig. Xb-1.) 



ABC 

Fig. Xb- 1.— -Diagrams showing laminar or stream-line flow' {A and B) and turbulent flow (C). {In 

general after H. S. Hele-Shaw.) 

, DARCY^S LAW 

The flow of water was first studied in open channels and pipes in which 
turbulent flow occurred, and it was found that the rate of flow varied 
approximately as the square root of the hydraulic gradient. The flow 
of water in capillary tubes was first studied by Hagen [9] and Poiseuille 
[24], who discovered that the rate of flow through very small tubes varies 
directly as the hydraulic gradient. Later Darcy [2] verified this law and 
demonstrated its application to water percolating through interstices of 
filter sand. He expressed the law by means of a formula essentially as 
follows : 

Ph 

in which v is the velocity of the water through a column of permeable 
material, h is the difference in head at the ends of the column, I is the length 
of the column, and P is a constant that depends on the character of the 
material, especially on the size and arrangement of the grains. 

Since the results of Darcy’s work were published there has been much 
discussion as to whether his formula expresses closely the law of flow of 
water through porous material, whether it is applicable only through a 
certain range of velocities, and if so, what are the lower and upper limits. 
Many laboratory investigations have been made on the flow of liquids and 
gases through permeable materials, and most of the early experiments 
were performed by French and German physicists and engineers [26]. A 
review of early investigations, including those of Ammon, Fleck, Hagen, 
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Reiik, Sellheim, Trautivine, Welitschkowsky, and Woolny, was made by 
King [14]. He also made laboratory investigations of his own by observing 
the flow of liquids through wire gauze disks of perforated brass, sandstone, 
and sand [14, pp. 107-124] and the flow of air through sand, sandstone, 
and capillary tubes [14, pp. 157-178]. Included in his report is a review 
of the experiments of F. H. Newell, performed about 1885, on the flow 
of water and oil through rock [14, pp. 124-135]. King concluded that 
although the flow of fluids apparently was not directly proportional to 
the hydraulic gradient, the departures obtained were systematically 
either plus or minus, as might be expected if the departures were due to 



Fig. Xb-2. — Diagrams of apparatus of nondischarging U-tube type used in the hydrologic laboratory 
of the United States Geologic Survey in determining permeability under low hydraulic gradients. 


imperfections in the apparatus and methods used. Laboratory experi- 
ments on the flow of water through tanks of sand and gravel were made 
later under the direction of Slichter [27, pp. 29-49], who concluded that 
“the law of direct variation of the flow of ground waters with head under 
which the flow takes place is verified by the experiments in the tank.” 

In 1923 the hydrologic laboratory of the United States Geological 
Survey was organized and systematic investigation was undertaken, 
under the direction of the senior author of this chapter, of the flow of 
water through permeable materials under the low gradients that occur 
naturally in ground water. In tests made in this laboratory on about 
2,000 samples of material from many different water-bearing and non- 
water-bearing formations, the validity of Darcy’s law has been thoroughly 
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established. The first work on very low gradients was done by Mrs. 
Stearns [28], and later work on still lower gradients was done by Fishel 
[6, 19]. In 1933 Fishel and the senior author constructed an apparatus 
of the nondischarging U-tube type in which the temperature was kept 
constant and evaporation was prevented (Fig. Xb-2). Tests made with 
this apparatus indicate that for the material tested the rate of flow varies 
directly with the hydraulic gradient down to a gradient of 2 or 3 inches 
to the mile and probably to indefinitely low gradients. 

It is now clear that the simple law which states that the flow increases 
directly with the hydraulic gradient applies to laminar flow, in which 
essentially no energy is lo.st in producing eddies, whereas in turbulent flow 
the flow does not increase in proportion to the increase in hydraulic 
gradient, but, as has been empirically determined by many experiments, 
it increases more nearly in proportion to the square root of the hydraulic 
gradient. The failure of some of the early investigators to verify Darcy’s 
law was probably due largely to the fact that they performed all or a part 
of their experiments with gradients so high that the flow through the 
porous media was of the turbulent type. 

The results of Reynolds’ work [25] were published in 1883, but the 
subject of the upper limit of Darcy’s law was confused about the same 
time by Daniell [1, p. 293], who defined capillary tubes as those in which 
the flow of water follows Darcy’s law and gave the limiting diameter 
of such tubes as one-fiftieth of an inch. It was further confused by Van 
Hise [36, pp. 134-146], who expressed one-fiftieth of an inch as 0.508 
millimeter, thus giving an appearance of accuracy that was fictitious. 
The whole subject of the laminar and turbulent flow of water is effectively 
presented by Tolman [33, pp. 191-200] in his recent textbook. Tolman 
clears up the confusion by pointing out that the idea that there is a limiting 
size of tube which determines the type of flow is incorrect and that laminar 
flow takes place in tubes of any size provided the velocity is sufficiently low. 
On the basis of tests made by J. F. Poland and others, Tolman shows that 
under normal ground-water gradients turbulent flow in sand and gravel 
is virtually nonexistent. 

It has long been recognized that Darcy’s law is analogous to the 
fundamental laws of the conductivity of heat and electricity but that there 
are certain important differences in application. It seems remarkable 
that the application of so extremely simple a law to the flow of heat, 
electricity, or water should lead to complexities that can be expressed only 
by an array of formidable mathematical formulas if at all. 

COURSE AND RATE OF MOVEMENT OF GROUND WATER 

In general each water particle in the zone of saturation is moving from 
some point in an intake area where it first reached the water table toward 
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some point where water is being discharged through a subaerial, sublacu- 
strine, or submarine spring or seep, or by evaporation or absorption by 
the roots of plants. The path through which the water particle threads 
its way may be short and simple, never getting far below the water table, 
or it may l)e many miles — indeed, as much as a few hundred miles — in 
length and may follow a circuitous course, leading perhaps to depths of 
hundreds or thousands of feet, as determined by the relief of the land, the 
stratigraphy and structure of the rocks, and other conditions. The time 
consumed by the water particle in making the trip from source to exit 
may be relatively brief, or it may be many years or many centuries. 

The rate of movement of the ground water has been determined 
directly or indirectly at many places. The velocity of a surface stream is 
generally measured with a current meter, but this instrument is obviously 
not adaptable for measuring the velocity of ground water. For this pur- 
pose use has been made of salts and dyes, which are introduced into the 
ground w'ater through an upstream well and later detected in one or more 
downstream wells, the velocity being computed from the observed interval 
of time and the measured distance between the wells. Common salt 
was first used by A. Thiem and other European hydrologists and was 
detected in the downstream wells by chemical tests for chloride in succes- 
sive samples taken from these wells. Later the more convenient electro- 
lytic method was devised in this country by Slichter [27]. 

Dyes have been used in many investigations in France and other 
European countries and later in the United States [18, pp. 128, 129]. 
They have been used chiefly to trace the course of rather definite under- 
ground stream.s, such as occur in limestone, and to determine whether 
certain water supplies receive contributions from polluted sources. 
Uranin dye was used successfully in 1921 and subsequent years by the 
United States Public Health Service and the United States Geological 
Survey near Fort Caswell, N. C., in a detailed three-dimensional survey 
of the direction and rate of movement of the ground water in medium- 
to fine-grained sand [29]. 

The flow of water through a formation can be computed by multiply- 
ing the average velocity by the average porosity and this product by the 
cross-sectional area through which the flow occurs. The cross-sectional 
area can be determined approximately from the logs of wells, but there is 
always considerable uncertainty as to the average velocity and the average 
poro.sity. In recent years the flow has generally been determined by ascer- 
taining the permeability, hydraulic gradient, and cross-sectional area 
and then applying Darcy’s law. The average velocity can then be com- 
puted if the average porosity can be determined. 

A favorite question is, “How fast does ground water move?” In 
attempting to answer this question it may first be pointed out that among 
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about 2,000 natural earth materials tested in the hydrologic laboratory, 
the most permeable material carries water (under the same hydraulic 
gradient) at a rate about 450,000,000 times that of the least permeable. 
The range in ground-water velocities is probably even greater. In field 
tests rates of movement of several feet a day have been found, and in one 
place a rate of 420 feet a day was reported. The most permeable material 
that has been tested in the hydrologic laboratory is a gravel which under a 
hydraulic gradient of 10 feet to the mile will carry water at the rate of 60 
feet a day. In nature rates of more than a few feet a day are exceptional. 
The lowest rate at which water has been observed to move through a 
natural material in the tests made in the hydrologic laboratory was about 
1 foot in 10 years [28, 19]. Probably in nature, under lower gradients, 
even much slower rates of movement are common in dense and poorly 
permeable materials. In the recognized water-bearing formations, from 
which wells obtain their water supplies, the natural rate of movement of 
the ground water is generally not greater than 5 feet a day and not less 
than 5 feet a year. An example of a more or less average performance of a 
moderately productive water-bearing formation is afforded by the Carrizo 
sandstone in the Winter Garden region of Texas, in which the water was 
computed to be moving at an average rate of about 50 feet a year. 

HEAD IN RELATION TO MOVEMENT 

In formations through which ground water is percolating the water 
particles next to the walls of the interstices are doubtless held stationary, 
but those at even a minute distance from a wall are moving slowly as the 
friction between them and the fixed particles is overcome. With increas- 
ing distance from the walls there is increasing rate of movement, each 
thread of water particles moving against friction with the more slowly 
moving water particles on the outer side and offering resistance to the 
slightly more rapid movement of those on the inner side. 

Thus as the water moves energy is expended in overcoming friction 
and is converted into heat or perhaps into some other form of energy. 
The movement is so slow that the energy consumed in overcoming the 
inertia of the water is relatively negligible. The energy that keeps the 
water in motion against the internal friction created by its own viscosity 
is provided by the difference in head between the place of intake and the 
place of discharge. The path followed by each thread of water particles 
may lead in varying directions, and in parts of its course it may have an 
upward trend, but the exit is at a lower level than the intake, and thus 
potential energy is lost. The difference in head is distributed throughout 
each thread of water as a hydraulic gradient, continuously but not at a 
constant rate, all the way from intake to exit. The viscosity of water 
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decreases with increasing temperature, and therefore, other things being 
equal, the rate of movement increases with the temperature. 

In the investigation of a given area, the ground-water hydrologist 
generally makes a contour map of the water table, because it throws much 
light on questions as to the intake and discharge areas and the direction 
of movement of the ground water. Strictly, however, even a perfect 
contour map of the water table would show only the horizontal direction 
of movement of the ground water at the water table. The hydraulic 
gradients are three-dimensional, however, and the water moves not only 
along the water table but also to depths below the water table and gener- 
ally upward again to the water table at some other place. Obviously, 
where the water is moving downward there is a decrease in head with 
depth, and where it is moving upward there is an increase in head 
with depth. Thus even in a deposit of structureless sand the head at 
some depth is likely to be lower than the water table if it is in an intake 
area and higher if it is in a discharge area. 

The sedimentary rocks are not structureless, however, but are 
generally composed of successive strata that differ greatly in permeability. 
Consequently the ground water moves chiefly along the stratification,^ 
through the most permeable strata, and much less freely through the less 
permeable strata. Some strata are believed to be entirely impermeable 
under the hydraulic gradients that exist in nature, but this is a moot ques- 
tion, as there is some evidence that water may move, with extreme slow- 
ness,, even through strata that have been regarded as totally impermeable. 
The emphasis has so long been placed on lateral movement through the 
more permeable strata that the quantitative importance of movement 
at right angles to the strata has probably been underestimated. In 
applying Darcy’s law, it is evident that although in movement at right 
angles to the strata the permeability factor is likely to be very small, the 
other two factors — ^hydraulic gradient and cross-sectional area — are likely 
to be relatively very great. 

The principal movement of the ground water is nevertheless laterally 
through-the permeable strata, and where these strata lie between relatively 
impermeable strata, the latter tend to form more or less effective confining 
beds. If the strata are tilted or deformed the water may be led from the 
intake areas of the permeable strata for long distances and to great depths 
through the conduits thus produced. It is a common fallacy to say 
that ground water always moves down the dip. In fact it generally 
moves down the dip for some distance from the intake area, but in its 
later course it may move down or up, according to the deformation of 
the strata, as, for example, in the Dakota sandstone and in the 
synclines that give rise to most of the thermal springs in the Appalachian 
area. 
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If the loss in head is less than the net descent of the water-bearing 
strata the water comes to be under artesian pressure in the sense that it 
will rise in wells to some level above the top of the aquifer; if the loss in 
head is less than the descent of the land surface the artesian pressure may 
be sufficient to cause the wells to overflow, thus producing an area of 
artesian flow. Many other structural features besides tilted or deformed 
strata may also produce artesian conditions, but the general principles 
are the same. 

A piezometrie surface of any aquifer is an imaginary surface that 
everywhere coincides with the head of the water in the aquifer. In areas 
of artesian flow it is above the land surface. Contour maps of piezometric 
surfaces are useful in much the same way as contour maps of the water 
table, in indicating the general direction of movement of the water and 
hence its approximate source and destination. Like water-table maps, 
they show only the horizontal direction of the movement, whereas if the 
confining beds are not entirely impermeable, there is generally upward or 
downward leakage through them. Thus if the water above the overlying 
confining bed is under greater head than the water in the confined aquifer 
there will be percolation into the aquifer, but if it is under less head there 
will be loss of water from the aquifer by upward escape. In many of 
the artesian systems the movement of water through the confining beds is 
an important factor in the recharge and discharge of the aquifer and in 
the building up or loss of head. 

It has been recommended that for international purposes the following 
terms of Greek origin be used to designate the two kinds of plerotic water : 
“Phreatic water,” for the water that occurs under water-table conditions, 
and “piestic water,” for the water that occurs under artesian conditions 
in the sense that it is confined and is therefore under sufficient pressure to 
rise in wells above the bottom of the relatively impermeable formation or 
stratum that serves as the confining bed; further that three kinds of piestic 
water be recognized — ^hyperpiestic water, which will rise above the land 
surface; mesopiestic water, which will rise above the water table but not 
to the land surface; and hypopiestic water, which will rise above the 
bottom of the confining bed but not to the water table. 

The water supplies of the springs and wells in the United States are 
largely derived from formations that have essentially water-table condi- 
tions. These are the surficial deposits of sand and gravel; the sandstones 
and limestones in their outcrop areas; the extrusive volcanic rocks of the 
Northwest; and the dense igneous and metamorphic rocks and clays and 
shales, which are commonly rendered somewhat permeable by weathering 
near the surface. As these formations are extensively exposed at the 
surface, their supplies are readily replenished by the water from rain and 
snow. The largest supplies of water come from the deposits of sand and 
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gravel (in part artesian), and these may be grouped as follows: (1) Glacial 
outwash from the continental ice sheets occurring from the Atlantic to the 
Pacific, (2) ^'alley fill in the western mountain region, (3) Tertiary and 
Quaternary deposits in the Great Plains region, and (4) Tertiary and 
Quaternary terrace and lowland deposits in the Atlantic and Gulf Coastal 
Plain. 

The principal artesian systems in the United States are (1) the exten- 
sive Paleozoic artesian system, occupying a large part of the east-central 
region, in which the shales confine water under artesian pressure in the 
sandstones and limestones; (2) the small but productive Roswell artesian 
basin, in Xew ^lexico, in which cavernous Permian limestone is the 
artesian formation; (3) the artesian system formed by the entire Atlantic 
and Gulf Coastal Plain, in which Cretaceous and Tertiary strata dip 
towmrd the sea, and the water in the sands and limestones is held under 
artesian pressure by the interbedded shales; (4) the Cretaceous artesian 
system of the northern and central parts of the Great Plains region, in 
which water is confined in the .sandstones, under great artesian pressure, 
by the thick, dense overljdng shales; (5) numerous small and imperfect 
artesian systems in the glacial drift; and (6) numerous artesian systems 
in the valley fill of the western mountain region, the largest of which are 
in the San Joaquin Valley, in California, and the San Luis Valley, in 
Colorado. In most areas of artesian flow' the pressure has greatly dimin- 
ished and where large supplies are obtained the wells are generally 
pumped. 

PERMEABILITY OF WATER-BEARING MATERIALS 

The hydraulic permeability of a porous material is its characteristic 
property of transmitting water through its interstices,. The degree of this 
property has been designated by different names and has been expressed by 
various combinations of units of space and time. It is now rather widely 
called the coefficient of permeability. 

The standard coefficient of permeability used in the hydrologic work 
of the United States Geological Survey (Fig. Xb-3) is defined as the rate 
of flow of water at 60°F., in gallons a day, through a cross section of 
1 square foot, under a hydraulic gradient of 100 percent. A related 
coefficient, which may 'be called the “field coefficient of permeability,” is 
defined as the rate of flow of water, in gallons a day, under prevailing 
conditions, through each foot of thickness of a given aquifer in a width 
of 1 mile, for each foot per mile of hydraulic gradient. The standard 
coefficient is designated by Pm and the field coefficient by P/. The stand- 
ard coefficient of permeability can generally be computed very closely by 
multiplying the field coefficient by the ratio of (1) the viscosity of the 
water in the stratum to <'2) the viscosity of water at 60°F. 



GROUND WATER 


453 


Recently Theis [30, p. 520] introduced the very convenient term 
“coefficient of transmissibility,” which is the ‘‘field coefficient of permea- 
bility” multiplied by the thickness, in feet, of the saturated part of the 
aquifer. Thus the coefficient of permeability denotes a characteristic 
of the water-bearing material, whereas the coefficient of transmissibility 
denotes the analogous characteristic of the aquifer as a whole. 




Natural earth materials that have been tested in the hydrologic 
laboratory of the United States Geological Survey have been found to 
have coefficients of permeability ranging from about 0.0002 to about 90,000 
— that is, the most permeable material carries water at a rate about 
450^000,000 times that of the least permeable material. However, most 
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water-bearing materials utilized by wells have coefficients that are whole 
numbers of two or more figures, generally between 10 and 5,000. 

As the permeability of water-bearing materials is of fundamental 
importance in the study of ground water, it is not surprising that much 
work has been done in developing accurate and feasible methods of 
determining this property. The different methods may be grouped as 
(1) direct laboratory methods, (2) indirect laboratory methods, (3) 
field-velocity methods, and (4) field-discharge methods. The methods 
now chiefly used are the direct laboratory methods and the field-discharge 
methods [18, pp. 126-136]. 

The development of the direct laboratory methods has been discussed 
•above. The permeability of a given sample can readily be determined 
with good accuracy in the laboratory, but it is often not practicable to 
obtain undisturbed samples, and the permeability of material that has 
been repacked after having its texture destroyed may be very different 
from that of the undisturbed material as it occurs in nature. Moreover, 
the permeability of mo.st water-bearing formations differs so greatly, both 
stratigraphically and from place to place, that it is difficult to obtain a 
suite of even fairly representative samples. 

In the ground-water work of the United States Geological Survey 
permeameters of several kinds are used, but they are all of the U-tube 
type, with the water generally percolating upward through the sample 
under low head. In the discharging type the water is discharged at a 
constant level, but the head may be kept constant by an overflow arrange- 
ment at the elevated intake, or, as in the apparatus used in the field for 
rapid work, the head is allowed to decrease as water passes through the 
sample -and no new water is added. In the nondischarging type, which is 
especially adapted for tests with very low hydraulic gradients or very low 
permeability, no water is added and none is discharged from the U tube 
after the experiment has been started. Hence, as the water passes through 
the sample the water level in the supply limb of the tube declines and the 
water level in the receiving limb rises, the hydraulic gradient becoming 
less and less as the experiment proceeds. 

In the indirect laboratory methods the permeability is computed from 
the mechanical composition and porosity. The work of Hazen, King, 
and Slichter in this respect has been concisely reviewed by Mrs. Stearns 
[28, pp. 170-176]. More recent work has been done by Fair and Hatch [5] 
and by Graton and Fraser [7]. Hazen [10, 11], in his work on filter sands 
in 1889 to 1893, used the term “effective size of grain,” or size of grain 
that would give the permeability of a more or less heterogeneous material. 
He found that in the materials with which he was dealing the effective 
size was best shown by the “10 percent size” — that is, the size that is not 
exceeded by the grains in 10 percent of the material by weight [28]. These 
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indirect methods of computing permeability are useful for some purposes 
but have not always given consistent results and are not in general to be 
recommended. Direct tests of permeability require no more work and 
are generally more satisfactory. 

The field-velocity methods have also been mentioned above. They 
have been used chiefly to determine the underflow in stream valleys and 
are not generally feasible for investigations of aquifers that lie at con- 
siderable depths. Great uncertainties are generally involved in making 
computations of transmissibility from the data obtained by velocity 
methods, because of the difficulties in ascertaining the average velocity 
and the average effective porosity. 

There are now in use in the United States Geological Survey several 
somewhat interrelated field-discharge methods or groups of methods that 
are expressed by formulas designated as the Thiem formula and associated 
limiting formula, the gradient formula, the non-equilibrium formula, and 
the recovery formula. These methods are described on pages 461-473. 

STORAGE IN RELATION TO MOVEMENT 

Another favorite question is, “How much water is there below the 
earth’s surface?” This question was elaborately discussed by Fuller [8], 
who showed that several estimates have been made which, expressed as a 
layer of water over the entire earth, ranged from a thickness of a few 
thousand feet, according to some of the earlier estimates, down to Fuller’s 
own estimate of only about 100 feet. It appears that while some of the 
older estimates are too large, that of Fuller is too small. Divergent though 
they are, these estimates all agree that the quantity of water in the rocks 
is much less than the quantity in the ocean but many times as great as the 
quantity in the lakes, streams, and atmosphere. These estimates con- 
sidered only the water that occurs in the interstices of the rocks in the 
so-called zone of fracture and did not include the water in chemical com- 
bination nor the water that occurs, in molecular or dissociated form, in 
unknown quantities, in the interior of the earth. They included, however, 
the water in the rocks below the ocean. As the rocks below the land areas 
are more porous than those below the ocean, the estimates for the land 
areas alone would have been proportionately higher. 

Of the water that occurs below the surface of the land probably less 
than half is free to flow out of the rocks into spring outlets or into wells, 
the rest being held by molecular attraction. Of the water that is not held 
by molecular attraction, only a part is fresh water with free circulation, 
most of the deep water being salty water that is apparently stationary or 
nearly so. Finally, of the fresh water that is free to flow, only a part is 
economically recoverable, for human use. Nevertheless the quantities 
of fresh water available in storage in the most productive aquifers are very 
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great — so great that in some places millions of gallons a day can be 
withdrawn from storage for a period of years before marked evidence of 
depletion occurs. 

The slow movement of water through the permeable rock formations 
is comparable to the movement of ^yater through a surface lake or reservoir 
from the mouths of the tributaries to the outlet. Some aquifers function 
chiefly as reservoirs and others chiefly as conduits, but all have some of 
the properties of both [18]. In all adequate ground-water studies these 
two functions must be recognized and differentiated. 

It is generally considered that, for the most part, the formations or 
parts of formations that yield water with only moderate contents of dis- 
solved mineral matter form parts of circulating systems in which water of 
meteoric origin flows from the intakes to the outlets of the formations, 
ultimately flushing out the salty connate water; and conversely to a great 
extent the formations or parts of formations that contain salty water have 
little or no circulation. 

To a large extent the Paleozoic formations of the interior of the United 
States are below sea level and have perhaps never been above the present 
level of the sea. Over much of the region there are almost no means of 
escape for the deep water and almost no head to induce movement. 
Throughout most of the region the deep water is salty, though different 
in composition from the sea water. Thus there is reason to believe that, 
through the ages, there has been only very sluggish circulation through 
the deep-lying parts of the Paleozoic rocks and that the salty water is 
largely connate or at least very ancient [18, p. 224]. Within a few hundred 
feet of the surface there is more vigorous movement of the ground water 
from the upland areas of intake toward the stream valleys; consequently, 
the water in the Paleozoic rocks near the surface is generally fresh, and 
much of it is of excellent quality. 

The fact that the deep artesian water is not so heavily mineralized 
in the areas adjacent to the Mississippi River as in most other parts of 
the interior region suggests that freshening may have been in progress 
ever since the valleys were cut, as a result of upward leakage of the artesian 
water in the valleys and its replacement by percolation of water from 
intake areas in northern Wisconsin and Minnesota, the Ozark area, and 
elsewhere- 

It is believed that some of the artesian aquifers of the Atlantic and 
Gulf Coastal Plain have submarine outcrops that form potential outlets 
for the artesian water, whereas others pinch out or become impermeable 
at their seaward edge. In the aquifers that have outlets the fresh artesian 
water presses against the heavier sea water. If the head of the fresh water 
is relatively high and the submarine outlet is not too far below sea level, 
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the fresh water discharges into the sea. Otherwise the sea water backs 
up into the aquifer and maintains a static condition, except as the fresh 
water may escape upward through the confining beds. In some places 
aquifers containing water of excellent quality occur below beds containing 
salt water. Flowing and pumped wells reduce the head and may thus 
cause the sea water to percolate toward them. To some extent the existing 
conditions may have been inherited from the Pleistocene epoch, when the 
sea stood at times higher and at other times lower than at present. This 
entire complex subject is receiving much critical study and will require 
much more [40, 41]. 

That salty water is definitely in circulation in some places is shown by 
the occurrence of large salt-water springs. Generally, as in the Tularosa 
Basin and the Malaga Bend area, in New Mexico, such springs derive their 
salt from salt deposits, but in some places, as at the salt spring in Florida, 
the source of the salt is still problematic. 

If there were no intake or recharge the ground-water systems would 
gradually run down, somewhat like a clock that is not wound. But the 
ground-water systems form parts of the “hydrologic cycle.” From time to 
time rain and snow descend upon the earth and a part of the water thus 
pro.vided firids its way down to the water table. Whenever and wherever 
this occurs new water goes into storage in the aquifer, the water table is 
built up, the head is increased, new energy is supplied, and the movement 
of the ground water is quickened. 

Recharge is never uniformly distributed but occurs chiefly in certain 
locahties that are favorable for intake. Hence, the water table is built up 
irregularly, its shape is changed, and mounds are developed on it in the 
principal intake areas. Hence, the whole three-dimensional system of 
hydraulic gradients becomes disturbed, new lateral components of these 
gradients are developed, the direction of movement of the ground water 
is modified, and many of the water particles change their courses and head 
for new outlets. Whenever the water table is lowered in any discharge 
area — as at springs, in localities of ground-water evaporation and tran- 
spiration, or by pumping or artesian flow from wells — a series of changes 
occur which are the converse of those that result from recharge. It is 
these irregular changes in head that make the hydraulics of ground water 
complex. 

The adjustments that result from disturbances in the head do not 
occur instantaneously, because they require the transfer of water from the 
localities of high head to those of low head. Moreover, the ground-water 
systems are not entirely like clocks, which run down at a uniform rate and 
come suddenly to a stop, but they approach an equilibrium condition 
with constantly diminishing speed. This fact has been recognized more 
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or less for a long time so far as water-table conditions are concerned. 
Until rather recently it has been tacitly assumed that artesian systems 
are rigid. Under such conditions changes in head would be transmitted 
quickly, as no tran.sfer of water would be involved except the small amount 
due to the .slight volume elasticity of the water. 

In .studies of the Dakota arte.sian system by the senior author in 1923 
and 1924 he recognized from several lines of evidence that the artesian 
.sy.stem does not perform like a rigid .system but like one having volume 
ela.sticity and hence variation in storage capacity with changes in the 
internal buoyant force due to artesian head. He found evidence that a 
large part of the water that had been discharged from the flowing wells 
was water taken from storage by compression of the water-bearing beds 
with loss of the artesian head. Consequently he stated the theory of the 
compre.ssibility and elasticity of artesian aquifers [21, 17], which has since 
been verified by observations in many other areas. The phenomenon of 
compre.s.sibility has been found to be of great practical importance in the 
study of ground water and petroleum, it has caused the subsidence of the 
land surface in some heavily pumped localities [34], and it will probably 
be found to cause .subsidence in many others. Presumably the compre.s- 
.sion and also re-expansion occur largely in the strata of relatively fine 
grain which feed into the strata of coarser grain that supply the wells 
[20, 34]. 

It has generally been considered that under artesian conditions there 
is very little lag in the surrender of the water due to compression. How- 
ever, it now appears that if the principal compression occurs in fine-grained 
deposits that have low permeability and may be connected only rather 
indirectly with the most permeable part of the aquifer, there may be much 
more lag than has been assumed, and the quantities of artesian water 
removed from storage may be greater than is indicated by the coefficients 
of storage determined in tests of .short duration. 

The non-equilibrium method developed by Theis [30, 31] with the aid 
of C. I. Lubin attacks the problem of the hydraulics of ground water before 
equilibrium is reached, thereby involving time as a variable. It applies 
the mathematical theory of heat conduction to ground-water hydraulics. 
As Theis stated, this analogy between ground water and heat has been 
recognized at least since the work of Slichter, but apparently no previous 
successful attempt had been made to introduce the function of time into 
the mathematics of ground-water hydrology. With this formula it has 
become possible to use the hydrologic data in computing the long-term 
effects of pumping from wells, and it has led to new methods of determining 
permeability and storage coefficients. Recently Jacob [13] developed the 
non-equdlibrium formula directly from hydrologic concepts without 
recourse to the analogy of heat. 
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HYDRAULICS OF WELLS 

Works of man in relation to head and movement 

Among the human projects that affect changes in the head and move- 
ment of the ground water are wells, dams, mines, tunnels, canals, railroad 
and highway cuts, and other structures and operations in connection with 
irrigation, drainage, river improvement, artificial recharge, flood control, 
deforestation and forestation, grazing, and agriculture. Whereas natural 
changes are generally gradual and lie within a moderate range, some of 
the changes produced by man are sudden and great, notably the heavy 
pumping from wells and the withdrawal of water by artesian flow. 

Because of the importance of the development of water supplies from 
wells and of the other human activities that affect the ground-water 
regimen, the subject of the hydraulics of the ground water is of great 
practical significance and much attention is being given to it [12, 22]. 
The artificial disturbances, especially the withdrawal of water from wells, 
upset the approximate equilibrium of nature and create complicated condi- 
tions that make the hydraulics of the ground water complex. However, 
they also afford field laboratories in which the effects of definitely regulated 
changes can be observed and measured. 

The Dtjpuit formula 

The setting forth by Darcy [2] in 1856 of the law of ground-water 
movement made possible for the first time the mathematical treatment 
of the hydraulics of wells. Dupuit [4] apparently was the first to apply 
this treatment. He assumed the existence of a circular island (Fig. Xb-4) 
in the precise center of which is a well that extends through a permeable 
water-bearing formation of homogeneous character. The water-bearing 
formation rests on a horizontal impervious stratum. The water table 
extends horizontally beneath the entire island and is contiguous and level 
with the surface of a vast open reservoir whose supply is unlimited. 
Dupuit assumed further that the well was pumped at a constant rate for 
such a period that the cone of depression of the water table created by 
the pumping extended to the periphery of the island. A condition of 
hydraulic equilibrium then prevails — that is, the flow through each 
concentric cylindrical section around the well is equal to the flow through 
every other cylindrical section and is equal also to the discharge of the well. 

According to Darcy’s law the flow through each of the concentric 
cylindrical sections of water-bearing material is equal to PiA, where P is 
the coefficient of permeability, i is the hydraulic gradient and A is the 
cross-sectional area of the cylinder. If x is taken to be the radius of any 
cylinder and y the saturated thickness of material at the distance x from 
the well (Fig. Xb-4) the hydraulic gradient i is then equal to the rate of 
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change of the coordinates — that is, ^ — and the cross-sectional area of 

the cylinder is equal to 2'irxy. The following formula can then be written 
to express the relation of the discharge of the well to the shape of the cone 
of depression: 

Q. 

By integrating with respect to x and y 

Q~f^ + c 

loge X 

At the periphery of the island the saturated thickness of water-bearing 
material is equal to H and at the wall of the well it is equal to h. The 



Fsg. Xb- 4.“— Section showing ideal conditions assumed for the development of the Dupuit formula 

for water-table conditions. 


radii of the two cylinders so delineated are R and r, respectively. By 
substituting these values for x and y the constant of integration is elimi- 
nated and the following equation is obtained : 

^ log* R - log* r 

This is the Dupuit formula for water-table conditions. The cor- 
responding formula for artesian conditions is 

2wPm{H - h) 

^ log* R — log* r 

in which m is the thickness of the artesian stratum. 

These formulas presumably were developed for the purpose of predict- 
ing the yield of wells in areas where estimates could be made of the per- 
meability of the water-bearing material. It appears unlikely, however, 
that the formulas were ever used generally for this purpose, because the 
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geologic and hydrologic conditions found in nature differ so widely from 
those on which the formulas are based. Wells are not situated in the 
centers of circular islands and therefore the cone of depression may expand 
almost indefinitely — that is, complete equilibrium probably will never be 
reached ; some wells do not penetrate completely through the aquifer, and 
some are not screened in all parts of their extent through the aquifer; 
the strata on which the aquifers rest are not generally horizontal; the 
aquifer generally differs from place to place in both thickness and perme- 
ability: and the undisturbed water level is almost never horizontal. The 
Dupuit formula for water-table conditions is based on the erroneous 
assumption, moreover, that the water percolates to the pumped well in a 
horizontal direction, whereas, because of the drawdown of the water table, 
the movement is downward to some degree, and hence the cone of depres- 
sion is altered somewhat from its theoretical form. Despite the obvious 
difficulties in applying the formulas, they have been included for years 
in the hydrologic literature with little or no discussion of their limitations. 

The Thiem fokmula 

In 1906 Gunther Thiem [32], son of the German hydrologist Adolph 
Thiem, published the results of his work in connection with the determina- 
tion of additional water supply for the city of Prague. In this investiga- 
tion he determined the permeability of water-bearing material by means 
of pumping tests, using the following modified form of the Dupuit formula : 

p ^ Q(loge r 2 - log, rQ 

2'7rm(si — S 2 ) 

in which P is the coefficient of permeability; Q is the rate of pumping, ri 
and r 2 are respective distances of two observation wells from the pumped 
well; m, for artesian conditions, is the vertical thickness of the water- 
bearing bed; m, for water-table conditions, is the average vertical thick- 
ness, at ri and r 2 , of the saturated part of the water-bearing bed; and Si 
and S 2 are the drawdowns of the water level in two observation wells 
situated within the cone of depression. Thiem apparently was the first 
to employ the Dupuit formula for determining permeability and was 
also apparently the first to utilize the drawdowns in two observation wells. 
In recognition of these innovations the formula is generally called the 
Thiem formula in .the United States. 

The limiting formula 

In 1930 the Junior author made a study of the theoretical aspects of 
the development of the Thiem formula in an effort to evaluate at least 
qualitatively the effect of discrepancies between assumed and field condi- 
tions on computations of permeability. The study could not be carried 
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very far, however, because very little was known of the behavior of the 
water level in the vicinity of discharging wells, and a search of the hydro- 
logic literature disclosed practically no experimental data on the subject. 
In order to obtain information of this kind a rather elaborate pumping 



Fio. Xb- 5. — Map of a tract near Grand Island, Neb., showing contotirs on the water table before 
pumping. Scale, one inch equals about 190 feet. Contour interval 0.1 foot. 


test was made near Grand Island, Nebr., in the summer of 1931. The 
drawdown of the water table during the period of pumping and the recov- 
ery of the water table after the pumping was stopped were observed 
through frequent measurements of the water levels in more than 80 
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observation wells situated out to about 1,200 feet on eight lines radiating 
from the pumped well [37]. Contours on the water table before pumping 
and 2 hours after pumping was begun are shown in Figures Xb-5 and 
Xb-6 ; profiles of the cone of depression are shown in Figure Xb-7. 



Fig. Xb-6. — Map of the same tract near Grand Island, showing contours on the water table two hours 

after pumping was begun. 


The data obtained in the Grand Island test were studied carefully, 
and a method of procedure was devised taking into account the limitations 
in applying the Thiem formula to field conditions [38]. It was found that 
consistent results for permeability can be obtained, providing the follow- 
ing procedure is observed: (1) Only those drawdowns are used that are 
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obtained from observation wells situated on a straight line extending 
through the pumped well; (2) the drawdown of the water level Si is taken 
to be the average of the drawdowns on the opposite sides of the pumped 
well (preferably up gradient and down gradient) at the distance ri from 
the pumped well, and, similarly, S 2 is taken to be the average of the draw- 
downs on opposite sides of the pumped well at the distance to, etc.; (3) 
drawdowns are used only for wells within that part of the cone of depres- 
sion that has reached approximate equilibrium in form by the end of the 
period of pumping; (4) drawdowns are used only for wells situated suffi- 
ciently far from the pumped well so that no appreciable effects on the 
slope of the water table are caused by the failure of the well to penetrate 
the entire thickness of the aquifer, or by changes in permeability of the 
water-bearing material produced by the development of the well; and (5) 
the drawdowns obtained at more than two distances from the pumped 
well are used. 

Successful determinations of permeability have since been made in 
Nebraska [16, pp. 100-105], Kansas [39], and elsewhere by following this 
empirical procedure. The formula now is sometimes called the limiting 
formula and is written 

Pf = 527.7qC 

in which P/ is the field coefficient of permeability as defined previously 
in this paper, q is the discharge of the pumped well in gallons a minute, 

and O' is a constant, equal to that is determined graphically. A is 
equal to 

log..- 

0.25M 

and B is equal to 

d" Si(j S2u S2d) 

in which ri and r 2 are distances, in feet, to two points on the cone of depres- 
sion that lie on a straight line through the pumped well; Siu is the draw- 
down, in feet, on the line at the distance ri up gradient from the pumped 
well; Sid is the drawdown, in feet, on the line at distance ri down gradient 
from the pumped well; S 2 « is the drawdown, in feet, at the distance up 
gradient; S 2 d is the drawdown, in feet, at the distance r 2 down-gradient; 
and M is the sum of the saturated thicknesses of water-bearing material, 
in feet, at the points of the four drawdowns. 

To obtain C, all possible values of A are plotted against correspond- 
ing values of B and a straight line is drawn through the plotted points. 
More than one point is necessary, of course, to determine the plotted line 
and hence at least six observation wells — three up gradient and as many 



460 


HYDROLOGY 


down gradient — are required. C is determined from the slope of the 
straight line. If most of the points do not fall approximately on a straight 
line through the origin, the differences between assumed conditions and 
field conditions are thus indicated to be great, and the method cannot be 
used. 


Beh.wiob of ground water in the vicinity of 

DISCHARGING WELLS 

The pumping test made near Grand Island, Nebr., in 1931 and the 
several tests made since then in other localities have provided much factual 
information on the behavior of the ground water in the vicinities of dis- 
charging wells under different conditions. 

As soon as a pump begins discharging water from a well that pene- 
trates an aquifer with a water table the water table is lowered around the 
well and a hydraulic gradient from all directions is established toward the 
well. The water table soon assumes a form that is comparable to an 
inverted cone, although it is not a true cone. Where the water-bearing 
material is homogeneous the base of this cone of depression, or area of 
influence, will be circular if the water table is initially horizontal, but some- 
what elliptical if the water table has an initial slope. Some water-bearing 
material will be unwatered by the decline of the water table, and the water 
drained from this material will percolate toward the pumped well. Thus 
for a short time after pumping is begun most of the water that is pumped 
may be obtained from unwatered sediments comparatively close to the 
pumped well, and temporarily very little water may be drawn to the well 
from greater distances. However, as pumping is continued a hydraulic 
gradient that is nearly an equilibrium gradient will be established close 
to the well, and water will be transmitted through the water-bearing 
material close to the well at nearly the rate at which it is being pumped. 

The decline of the water table and the resultant unwatering of mate- 
rial in this area will then proceed at a much slower rate. This necessitates 
the percolation of more water from greater distances, and hence the cone 
of depression will expand, gradually draining material farther away. 
Thus as the pumping of the well continues, more of the formation will 
gradually be unwatered, and an equilibrium gradient that will transmit 
to the well approximately the amount of water that is being pumped will 
be established at increasing distances from the welh Such an equilibrium 
gradient can be established only by an increase in drawdown. The water 
table near the well, in order to maintain an approximate equilibrium form, 
will therefore continue to lower indefinitely but at a decreasing rate. 

If no water is added to the formation, the water table wiU continue 
to decline so long as the well is pumped, and the cone of depression will 
eventually extend to the limits of the formation. Recharge to the forma- 
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tion, however, may halt the development of the cone of depression by 
furnishing additional water that will become a supply for the pumped well. 

The piezometric surface under arte.sian conditions behaves in a 
manner very similar to the behavior of a water table. Water is at first 
removed from storage, not by the unwatering of a part of the formation 
but rather by the compaction of the aquifer and of the included and asso- 
ciated beds of silt and clay as the head is reduced. The .squeezing out of 
water by compaction delays the development of the cone of depression in 
much the same way as the development under water-table conditions is 
delayed by the unwatering of part of the formation. However, the quan- 
tity of water removed by compaction is generally much less than the quan- 
tity removed by the unwatering of a part of a formation, and consequently 
the drawdown of the water levels in the observation wells and the develop- 
ment of the cone of depression are usually more rapid. 

One distinct difference exists between the removal of water from stor- 
age by the compaction of the aquifer and the removal of water from stor- 
age by the unwatering of a part of a formation in which a water table 
exists. The specific yield of a formation is not related to its thickness, 
hence lowering of the water table a given amount will release the same 
quantity of water to the pumped well regardless of the thickness of the 
formation. On the other hand, the volume of water released by the com- 
paction of an aquifer and associated beds depends on their aggregate 
thickness, and hence a lowering of the water level of a given amount in a 
well discharging from an artesian aquifer will release more water to the 
well if the beds are thick than if they are thin. 

It has been found by many investigators that a material after being 
saturated and allowed to drain will yield water for a considerable period. 
Although the material may yield a very large percentage of its water in a 
few hours or days, it may continue to yield small amounts for several 
years. The sand and gravel unwatered during the pumping test near 
Grand Island, Nebr., drained in such a manner that the computed specific 
yield of the material was 9.2 after 6 hours of pumping, 11.7 after 12 hours, 
16.1 after 24 hours, 18.5 after 36 hours, and 20.1 after 48 hours [38, p. 55]. 
A much longer period of pumping would have been required before the 
true specific yield of the material was reached. The true specific yield 
was estimated to lie between 22 and 23. 

Where the water table or piezometric surface initially is horizontal 
and the ideal conditions outlined by Dupuit exist, water percolates to a 
discharging well from all directions, moving on about straight lines from 
all directions to the well. Equal quantities of water percolate to the well 
through concentric cylindrical cross sections. In most places, however, 
the water level initially is not horizontal, and as a result water percolates 
to the discharging well in somewhat circuitous paths. Because the slope 
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of the cone of depression is steeper up gradient from the discharging well 
than down gradient, more water percolates to the well from the up-gradient 
side. The slope of the cone down gradient becomes progressively less 
than the slope at the corresponding distance up gradient, until at some dis- 
tance down gradient from the well the water table or piezometric surface 
is horizontal. This point lies on the ground-water divide. The ground- 
water divide extends up gradient in the general form of a parabola and 
separates the water that eventually percolates to the well from that which 
percolates down gradient past the well. All the water beyond the divide 
percolates away from the discharging well and all the water between the 
divide and the well percolates toward the well. If withdrawal of water 
from the well continues at a uniform rate, the cone of depression gradually 
becomes larger, and the ground-water divide gradually moves farther 
from the pumped well, but this movement occurs at a decreasing 
rate. 

After the discharge of a well is stopped, water momentarily continues 
to percolate toward the well under the hydraulic gradient set up during 
the period that the well was operating, but instead of being discharged 
by the well it refills the well and the interstices of the material that were 
unwatered, or, under artesian conditions, it expands the aquifer and asso- 
ciated beds. As the formation near the well is gradually refilled, the 
hydraulic gradient toward the well is decreased and the recovery becomes 
progressively slower. At distances comparatively far from the well the 
water level may continue to lower for a considerable time after the dis- 
charge ceases, because at those distances water is still being taken from 
the interstices of the material to supply the water that refills the beds 
around the well. In time there is a general equalization of water levels 
over the entire region, and the water table or piezometric surface will 
assume a form similar to that it had under the original static conditions, 
although it may remain temporarily or permanently somewhat lower than 
before water was withdrawn. 

In the Grand Island test [38, p. 35], as well as in other tests, the water 
table very close to the pumped well approximately, regained its original 
slope very soon after pumping stopped. Even though the water table 
close to the pumped well initially had a greater amount to recover, the 
rate of rise after a certain time reduced to about the rate of rise of the whter 
table at greater distances, and the remaining drawdown at both distances 
became approximately the same. Thus 12 hours after piunping stopped 
in the Grand Island test the remaining drawdown was 0.77 foot at 24.9 
feet, 59.9 feet, and 114.4 feet from the pumped well, although at the time 
piunping stopped the drawdowns were respectively 4.03, 2.81 and 2.03 
feet. Presumably, at some later time the rate of recovery out to a distance 
greater than 115 feet would become essentially the same. 
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The gradient formula 

The flow of water through the ideal hydrologic system postulated 
by Dupuit is equal to PiA, where P is the coefficient of permeability, i is 
the hydraulic gradient, and A is the area of any one of a series of concentric 
cylindrical cross sections of water-bearing material around the pumped 
well. Therefore 

P_Q _ Q 

iA 2i:ixy 

in which y is the thickness of saturated water-bearing material at the dis- 
tance X from the "pumped well. The equation can be solved directly for 
P by determining the hydraulic gradient graphically from a profile of the 
cone of depression. 

The nonpumping water' level in most formations has a slope, and 
therefore the flow, of water toward a discharging well is not everywhere 
normal to cylindrical sections around the well. The flow is normal only 
along a line that extends directly up gradient and down gradient through 
the pumped well. The flow through a given cross-sectional area at a 
specified distance up gradient is greater than the flow through an equal 
cross-sectional area at the same distance down gradient. The data col- 
lected in the pumping tests at Grand Island indicates that the hydraulic 
gradient causing the flow is approximately equal to the average of the 
gradients at a given distance up gradient and down gradient from the 
pumped well. Thus, for water-table conditions 

P _ 

TcxiVn + yd){iu + id) 

in which is the hydraulic gradient and Vu is the saturated thickness of 
the water-bearing material at the distance x up gradient, and id is the 
hydraulic gradient and yd is the saturated thickness of water-bearing 
material at the distance x down gradient. 

The hydraulic gradient at any distance r on one side of the pumped 
well can be determined approximately from a profile of the cone of depres- 
sion by (1) ascertaining from the profile the altitude of the water table at 
the distances (r + h) and (r — b) from the pumped well and (2) dividing the 
difference in altitude of the water table at the two distances by 26. A study 
of the data collected in the pumping tests indicates that the hydraulic 
gradient can generally be determined satisfactorily from profiles of the 
cone of depression by taking the distance 6 as 10 feet. For water-table 
conditions 

p ^ 18>335g 

r(2/u + J/d)(/(r+10)u + /(r+lOd “ /ir— 10)u ” /(r— 10)d) 
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and for artesian conditions 

p ^ 9,168g 

^ rm{fir+mu +/(r+10)d ~ /(r— 10)u ” /(r-lO)d) 

in which P/ is the field coefficient of permeability as defined previously, 
g is the discharge of the pumped well in gallons a minute, r is the distance, 
in feet, from the pumped well to any point on the part of the cone of depres- 
sion that has reached an approximate equilibrium form, yu and yd are the 
respective thicknesses, in feet, of saturated water-bearing material at the 
distance r up-gradient and down-gradient from the pumped well, /o 4 -io)« 
and /(r-i-io)d are the respective altitudes, in feet, of the water level at the 
distance r -f 10 up gradient and down gradient from the pumped well, 
f(r-io)u and fir-iod are the respective altitudes, in feet, of the water level 
at the distance r — 10 up gradient and down gradient from the pumped 
well, and m is the thickness, in feet, of the aquifer. 

This formula is called the gradient formula. It has been used suc- 
cessfully to determine permeability from the data obtained in pumping 
tests in Nebraska, Kansas, and Arkansas. 


The non-equilibrium formula 


All the formulas so far described are based on the assumption that the 
hydraulic system can attain a state of equilibrium (steady-state of flow) 
— a condition that is reached only approximately near the discharging 
well. The factor of time is included in the formulas only in the sense that 
the well is assumed to have been operating for a sufficient period to pro- 
duce a state of equilibrium. 

In 1935 Theis [30] gave a formula for determining the drawdown of 
the water level in the vicinity of a discharging well,' taking into account 
the removal of water from storage. This formula may be called a non- 
equilibrium formula because it does not depend on the hydraulic system 
reaching a state of equilibrium. The formula is based on the assumption 
that Darcy’s law is analogous to the law of flow of heat by conduction and 
thus that the mathematical theory of heat conduction is largely applicable 
to hydraulic theory. The formula may be written 


a = 


114.6g 

T 



— du 
u 


in which s is the drawdown, in feet, at any point in the vicinity of a well 
pumped at a uniform rate; g is the discharge of the well, in gallons a min- 
ute; T is the coefficient of transmissibility of the aquifer (the field coeffi- 
cient of permeability multiplied by the saturated thickness of the aquifer) ; 
r is the distance, in feet, of the pumped w'ell to the point of observation; 
is a coefficient of storage (cubic feet of water discharged from each verti- 
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cal column of aquifer with base 1 foot square for each foot of lowering in 
head) as a decimal fractioi\; and I is the time, in days, that the well has 
been pumped. 

The value of the integral 

«> p—U 

— du 

Tt 


may be computed by the series 



?Z! 

u 


du 


in which 


-0.577216 


log, u + u 


U“ 


2 - 2 ! 


u 

3^3 


1.87r25 
“ Tt 


The formula is based on the assumptions that (1) the water-bearing 
formation is homogeneous and isotropic, (2) the formation has an indefi- 
nite areal extent, (3) the pumped well penetrates the entire thickness of 
water-bearing formation, (4) the coefficient of transmissibility is constant 
at all places and at all times, (5) the pumped well has an infinitesimal 
diameter, (6) the initial nonpumping piezometric surface is horizontal, 
(7) the impervious bed underlying the water-bearing bed is horizontal, 
and (8) water is taken from storage instantaneously by the decline in head. 

Because the formula assumes that the transmissibility of the water- 
bearing material does not change during the period of pumping it can be 
applied strictly only to artesian conditions. Where the thickness of satu- 
rated material is great, however, it can probably be used also for water- 
table conditions without introducing serious error. For water-table 
conditions, the coefficient of storage is the specific yield of the water-bear- 
ing material. 

As the coefficient of transmissibility appears on both sides of the 
equation, the formula cannot be solved directly for T (and therefore for 
the coefficient of permeability). However, T may be determined conveni- 
ently by the following graphic method suggested by Theis (personal com- 
munication, 1937). The formula may be written 


114.63 

T 


W{u) 


in which W{u) may be read “well function of w” and the other terms are 
those previously defined. W{u) is equal to 

-0.577216 - log, « + ^ + 3:^ • • • 
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and u is equal to 


1.87 r‘^S 

n 


When T is to be determined from observations of the drawdown in 
one well^ the logarithm of the drawdown is plotted against the logarithm 

of reciprocal of time since pumping began against When T is to 

be determined from the drawdowns in a line of wells, the logarithm of 

the drawdown is plotted against the logarithm of y. If the formation 

were entirely homogeneous and if water were discharged instantaneously 
with the fall in pressure, all plotted points (for all times and all wells) 
would fall on a smooth curve. The curve so determined is a segment of 
the type curve produced by plotting the logarithm of the value of the inte- 
gral, W(u)j against the logarithm of the quantity u. If, therefore, (1) this 
type curve is plotted on logarithmic paper and (2) the observed draw- 
downs are plotted on transparent paper against (for one observation 

well) or 7 * (for a line of observation wells) to a logarithmic scale the same 

as that used for plotting the type curve, (3) the observed curve can be 
fitted to the type curve in only one place. Then (4) from this fit the 
value of W{u) and the corresponding value of u may be determined from 
the type curve for any selected point on the curve of observed values, 
which (5) may be used in conjunction with the observed values for that 
point to determine T. 

The coefficient of transmissibility is then computed by the formula 


T = 114.6? 


W{u) 

s 


and the coefficient of permeability 

„ 114.6? 

^ ) 

in which m is the saturated thickness of water-bearing material. 

This method for determining permeability has been applied success- 
fully to pumping tests made in Nebraska and elsewhere [39]. The coef- 
ficients of permeability determined from the drawdowns in wells located 
on a line through the pumped well (averaged in the same manner as for 
the limiting formula) checked very closely the permeabilities computed 
by both the limiting and the gradient formulas. However, the per- 
meabilities computed by the non-equilibrium method, using the draw- 
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downs in any one well, differed considerably from the permeabilities 
computed by the other methods and varied considerably, depending on 
which well was selected for the computation. This apparently was the 
result of the slow draining of the unwatered material, which altered the 
form of the drawdown curve from its theoretical form by making it rela- 
tively too steep for a time after pumping began and relatively too flat 
toward the end of the period of pumping. It is tentatively concluded, 
therefore, that at least for water-table conditions the coefficient of per- 
meability should be determined by the non-equilibrium formula only from 
the drawdowns in observation wells situated on a line through the pumped 
well (from the shape of the cone of depression rather than from the shape 
of the drawdown curve). 


The recovery formula 

Theis [30] introduced also a formula for determining transmissibility 
from the recovery of the water level in a well after its discharge has stop- 
ped. It is based on the assumption that if a well is pumped or allowed to 
flow’ for a known period, the residual drawdown at any instant after the 
discharge of the well has stopped will be the same as if the discharge of 
the well had continued but a recharge well with the same flow had been 
introduced at the same point in the flow system at the instant the dis- 
charge stopped. Hydrologic and geologic assumptions are the same as 
for the non-equilibrium formula. 

The formula may be written 


T = 


264g 

s 


log 




in which T is the coefficient of transmissibility; q is the discharge of the 
well, in gallons a minute; s is the residual drawdown of the water level, in 
feet; d is the time since pumping started, in any unit; and t is the time 
since pumping stopped, expressed in the same unit as ib 

logio y 

The value of should be determined graphically by plotting 

S 

logio y against s. If most of the points do not fall on a straight line the 
formula cannot be applied with assurance. 

Application of permeability formulas to areas of heavy 

WITHDRAWAL 

It is sometimes necessary to determine the permeability of water- 
bearing materials in areas where the withdrawal of water from wells must 
be almost continuous and therefore where the undistributed water level 
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cannot be ascertained — for example, in cities where the operation of city 
wells cannot be stopped except for short periods. Neither the equilibrium 
nor the non-equilibrium formula can be directly applied under such condi- 
tions, because the drawdown of the water level resulting from the with- 
drawal cannot be determined. However, a modified application of the 
formulas can be made provided the withdrawal from the well or group of 
wells can be maintained at a constant rate for an appreciable time and then 
changed to another rate that can be maintained uniformly for a similar 
period. The permeability is computed by utilizing in the permeability 
formulas the change in the drawdown of the water level in observation 
wells caused by the change in rate of withdrawal from the discharging 
wells. Where water is withdrawn from only one well the center of pump- 
ing may, of course, be considered to be at that well, but where the water 
is withdrawn from a group of wells the effective center of pumping must 
be determined from the location of the wells and the relative discharge of 
each well. 


Extent of cone op depression 

Until very recently little attention was given to the effect of the length 
of the period of pumping or flow on hydrologic problems dealing with wells. 
The length of time that wells are pumped or allowed to flow necessarily 
enters almost all computations of ground-water flow, but it has often been 
included implicitly — usually in an assumption. A factor for time does not 
appear in any of the formulas of the equihbrium type, yet it is included in 
the assumption that the ground-water system has reached a condition of 
equilibrium. In the formulas of the equilibrium type oiily the ultimate 
condition of the ground-water system is considered; thus the period of 
pumping is infinite, and no consideration is given to the differing hydro- 
logic conditions that exist prior to stability. 

The disregard of the unstable conditions of ground-water flow prob- 
ably has been due, at least in part, to the difficulties involved in mathe- 
matical treatment. The recent introduction of the non-equilibrium 
method by Theis has materially aided the formulation of correct concepts, 
but precise mathematical treatment of all factors involved in an unstable 
system has not yet been accomplished. 

Observations on the behavior of the water table around pumped wells 
made in connection with pumping tests by the United States Geological 
Survey and cooperating parties show that the form of the cone of depres- 
sion reaches essential stability in a small area around a pumped well in a 
relatively short time after pumping begins. However, the area of essen- 
tial stability expands very slowly, and a considerable period of pumping 
is necessary for the cone to reach an approximate equilibrium form very 
far from the pumped well. The basic assumption of the formulas of the 
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equilibrium type — that equilibrium is reached — is for practical purposes 
valid for only a small area around a pumped well.. Beyond this small 
area the assumption is far from true. 

There is, of course, an appreciable drawdown of the water level far 
beyond the area around a pumped well in which the cone of depression 
attains an essential equilibrium form. For example, a drawdown in water 
level of 0.06 foot occurred 1,050 feet from the pumped well in the Grand 
Island test after 48 hours of pumping, but the cone of depression had 
reached essential equilibrium only to about 200 feet. Doubtless a measur- 
able drawdown existed at that time beyond 1,050 feet. The Nebraska 
pumping tests indicate that the cone of depression reached essential sta- 
bility in form to a distance from the pumped well that is only a very small 
proportion of the distance to which the effect of the pumping is trans- 
mitted. This observed condition is significant, because it definitely limits 
the rigorous use of the formulas of the equilibrium type to a very small 
area around a pumped well and virtually invalidates the use of the formu- 
las for larger areas unless the period of pumping is very long. 

Many of the formulas of the equilibrium type given in the literature, 
including those of Dupuit [4], Slichter [26, p. 360], and Turneaure and 
Russell [35, p. 269], include the determination of R, the distance from the 
pumped well at which the drawdown of the water level is inappreciable. 
Such formulas also assume that a condition of equilibrium exists over the 
entire area of influence — that is, from the pumped well to the distance R. 
This, as has just been pointed out, is far from true. Several investigators 
have given arbitrary values to be used for R — Slichter [26, p. 360], 600 
feet; Muskat [23, p. 95], 500 feet; and Tolman [33, p. 387], 1,000 feet. 
Slichter and Muskat give values for R in connection with discussions of 
artesian conditions, and Tolman gives his value for both water-table and 
artesian conditions. Turneaure and Russell determine iJ by a formula 
involving the initial slope of the water level. 

Although it is obvious that the use of R in formulas of the equilibrium 
type will generally result in determinations that are more or less in error, 
criticism of its use is based probably more on the implication that R 
represents the distance from a discharging well at which the effect of the 
discharge is negUgible. Leggette [15, p. 493] recently observed appre- 
ciable fluctuations of water level in wells caused by the shutting down of 
pumped wells 1 to 7.1 miles distant. The extent of the cone of depression 
is of very practical significance in determining the spacing of wells and in 
the solving of many quantitative problems. It also has been the crux of 
important legal controversies. Because empirical values for R, presum- 
ably intended chiefly for the solving of formulas for the discharge of wells 
in areas of known permeability, appear so persistently in the literature, it 
has generally been assumed that the extent of the cone of depression does 
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not exceed these values. That the cone of depression may extend far 
beyond 500, 600, or 1,000 feet is a correct theoretical deduction and a 
field observation. 
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CHAPTER XI 
RUNOFF 


xia. introduction 
Adolph F. Meyer' 

Runoff represents precipitation returning to the sea or to inland 
bodies of water. It is that portion of the precipitation that appears in 
surface streams. It consists, in ever varying proportions, of both surface 
runoff and ground-water runoff, or effluent seepage. There has been con- 
siderable difference in the use of terms relating to runoff, but it is suggested 
that the term “overland runoff” be used to designate the water flowing 
over the land surface before it reaches a definite stream channel; the term 
“surface runoff” to designate the water that reaches the stream as over- 
land runoff, in contrast to the ground-water runoff; and the term “direct 
runoff” to designate the surface runoff that has not been retarded by stor- 
age on the surface as snow or ice or in a lake or other body of standing 
water. 

Runoff from the land area of the earth represents the excess of evapo- 
ration from the ocean area over precipitation upon that area. Unless the 
two are equal, water vapor is continually escaping from the outer atmos- 
phere, and the ocean level is progressively lowering. Temporarily excess 
evaporation from the ocean may be stored on the land area as snow and 
ice and as ground and surface storage. It can not be stored in the atmos- 
phere, because the air can seldom hold more than 2 or 3 days’ evaporation 
from a water surface in a given locality. 

“All the rivers run into the sea, yet the sea is not full; unto the place 
from whence the rivers come thither they return again.” Water evapo- 
rated from the ocean is in part precipitated on the ocean and in part carried 
inland by air currents, to be precipitated on the land. 

Of the moisture precipitated on the land area, (a) some is evaporated 
and carried back over the ocean area by the winds to be reprecipitated or 
to be returned to the land area; (b) some returns to the sea as surface run- 
off; (c) some seeps into the ground to reappear in the streams as ground- 
water runoff; (d) some is evaporated from the ground surface and the 
surface of vegetation, only to be reprecipitated on the land area or carried 
out to sea ; (e) some is temporarily stored in the soil to be reevaporated 
and reprecipitated; (/) some is absorbed by the roots of growing plants 

^ Consulting hydraulic engineer, Minneapolis, Minn. 
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and transpired into the atmosphere to be reprecipitated ; {g) some enters 
into the plant fiber to remain until the plant is desiccated or destroyed. 

The mean annual precipitation on the land area of the earth is about 
40 inches. This represents about 35,000 cubic miles of water. Each 
year, on an average, the rivers return to the sea about 7,000 cjibic miles 
of water, or about 20 percent of the annual precipitation. The remaining 
precipitation on the land area represents, in part, ocean-evaporated mois- 
ture carried inland by the larger mass movements of the air and, in part, 
land-evaporated moisture that is recirculated over the land area before it 
returns to the sea. 

The proportion of the annual precipitation derived from land evapo- 
ration and transpiration varies greatly over the earth’s surface. In 
general, it is greater over inland areas than along the seashore. It is 
normally greater in regions of moderate and low precipitation than in 
regions of heavy precipitation. The runoff water from such regions is 
usually returned inland step by step over regions of heavier precipitation. 
Frequently, however, there are great cyclonic movements that are suffi- 
ciently continuous to carry ocean-evaporated moisture directly into the 
interior of continents, and anticyclonic movements that return the land- 
evaporated moisture directly to the ocean. 

The transportation systems by which man moves the produce of the 
earth and articles of his manufacture from place to place shrink into 
insignificance when compared with the system by which Nature transports 
thousands of millions of carloads of water back and forth across the surface 
of the earth. The investigations of recent years have emphasized the 
magnitude of the larger mass movements of the air and the amount of 
water vapor moved from place to place with these air masses. These 
recent investigations have seriously questioned the extent to which land 
precipitation is derived from land evaporation, even in areas lying far 
inland. An exact evaluation of land and sea as sources of precipitation 
for inland areas must await further observation and study, but of the 
existence of large exchanges of moisture between the ocean and the land 
there can be no doubt. 

The hydrologic cycle is depicted in the frontispiece. 

In the zone of cyclonic movements any changes on the earth’s surface 
produced by man in areas of relatively high precipitation which result in 
returning the precipitated water as runoff to the sea more rapidly than 
under natural conditions must inevitably reduce the precipitation to some 
extent over the inland areas of lesser precipitation. 

VEGETATION SUPPLIES A CONSIDERABLE AMOUNT 
OF ATMOSPHERIC MOISTURE 

Vegetation supplies a considerable part of the atmospheric moisture 
that originates over the land area. Deep-rooted vegetation is exacting 
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in its water requirements, but shallow-rooted vegetation is tolerant of 
changes in available moisture. Trees draw upon a great reservoir of 
ground water, gradually replenished during periods of heavy precipitation 
and depleted during periods of drought. Grains and grasses rely more 
upon current rainfall, the amount they need depending considerably upon 
the character of the soil. Although, to speak broadly, it is true that trees 
are the result of ample precipitation and not the cause, nevertheless, 
because all deep-rooted vegetation has a more constant supply of moisture 



Fig, XIa-L — Changes in annual mean sea level. Five-year moving average, plotted in center 
of period. {From records of the LCaS. Coast and Geodetic Surrey, and the Canadian Department of 
Marine and Fisheries.) 


available to its root system, it must necessarily constitute a more constant 
source of atmospheric moisture and therefore tend in some measure to 
equalize rainfall from month to month and year to year. 

CHANGES IN OCEAN LEVEL 

Available records are not sufficient to show conclusively whether the 
ocean level is rising or falling with respect to the level of the adjacent land. 
The land around the Gulf of Mexico appears to be slowly sinking. Data 
furnished by the United States Coast and Geodetic Survey and the 
Canadian Department of Marine and Fisheries are summarized graphi- 
cally in Figure XIa-1. Annual means of sea level are plotted as progres- 
sive 5-year mean values in the center of the period. 
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Pacific coast stations indicate a rising trend in ocean level of 0.1 foot 
in 35 to 50 years. Atlantic coast stations indicate a rising trend of 0.1 
foot in 25 to 30 years. In general, the records of ocean levels also appear 
to reflect changes in continental storage of moisture, both annually and 
periodically. Along the Atlantic coa.st the level is low in winter and high 
in summer. Along the Pacific coast the reverse is true. 

The ocean level also appears to follow, roughly, the sunspot cycle of 
11.5 years. The Atlantic Ocean appears lower during sunspot maxima, 
and the Pacific appears higher. During great droughts the ocean level 
apparently has averaged higher than during periods of heavy land precipi- 
tation. Wide.spread depletion of surface-water and ground-water storage 
may have been reflected in high ocean levels. 

PHYSIOGRAPHIC PROCESSES 

Runoff is the primary agent continually engaged in carving a new 
face upon the earth. Wind, frost, ice, and vegetation are secondary 
agents. Runoff is, in general, tending to lower the land surface but the 
eroded material is building up some areas in the general down-cutting 
process. In a geologic sense the runoff will continue to be aetiv'e until 
this down-cutting has been completed and diastrophism has ceased to pro- 
duce new irregularities. 


RIVER CHANNELS 

Each river is tending to reduce its tributary drainage basin to a level 
from which there will be no further change. In general, streams in the 
upper portions of a drainage basin flow at relatively steep gradients. The 
gradients decrease as the streams approach the sea. Viewed as of today, 
each stream is continually changing. As the gradients in the swift por- 
tions become less, the stream begins to meander, attacking its banks and 
widening its valley. During periods of ordinary low flow the stream 
carries toward the sea some of the sediment brought into its channel by 
its tributaries during the preceding flood stage. 

After rains have swollen a stream to a higher than bankfull stage the 
overflowing waters deposit sediment on the banks of the stream as they 
spread out over the flood plain with quickly reduced velocity. Gradually 
the stream builds its own levees until, refusing longer to be confined to its 
normal channel, it breaks through at some bend and selects a new fiood- 
water channel in a lower portion of its valley. Streams like the lower 
Mississippi have built up their banks until, irrespective of the artificial levees 
that have been imposed upon those natural levees, the natural river banks 
are many feet higher than the lowest level of the flood plain miles away 
from the main channel. 
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RUNOFF IS RELATIVELY GRADUAL 

Rain falling on the earth’s surface with great irregularity in time and 
rate runs off from the land at a relatively uniform and steady rate, not- 
withstanding the existence of floods and droughts. There is a funda- 
mental reason for this. The atmosphere can store only a few days’ 
evaporation, but the earth’s surface and the underlying soil and rock 
formations can store the accumulated precipitation of weeks and months. 
Ordinarily one foot of soil holds more water than the entire overlying 
atmosphere. 


POWER OF RUNOFF WATER 

The potential energy represented by the weight of the annual precipi- 
tation on the land area multiplied by its altitude above sea level is tre- 
mendous. A large portion of this energy is spent in overcoming frictional 
resistance to flow over the earth’s surface. Where the obstacles in the 
path of the runoff have sufficient tenacity to withstand the attack, the 
energy is lost. Where the surface of the earth is granular and unprotected 
by vegetation, much of the available energy is spent in picking up the par- 
ticles of earth and carrying them down the slopes into the valleys and, in 
part, onward to the sea, where great deltas of sediment are continually 
being formed, extending the continental areas. 

In general, man’s occupancy and cultivation of the earth’s surface has 
greatly aided the force of degradation represented by the runoff. The 
consequent great waste of productive soil has recently come to be more 
fully appreciated, and soil conservation is everywhere receiving more 
attention. So far as runoff is retarded and soil is conserved by structures 
and methods of cultivation designed to oppose the forces of degradation, 
Nature’s down-cutting processes are being retarded. 

DIASTROPHISM 

Diastrophism is still affecting drainage systems. Great changes have 
occurred in the shore lines of inland lakes in late geologic time. These 
changes have apparently progressed at a relatively uniform rate for several 
thousand years. 

Gage readings around the Great Lakes point to a continuing deforma- 
tion of the earth’s surface. The north shore of Lake Superior and the east 
shore of Lake Ontario are still rising. Not very long ago the Ottawa 
River formed the outlet of the Great Lakes; then the St. Lawrence became 
the outlet; and in the future, the Great Lakes, if unrestrained, may drain 
into the Gulf of Mexico. 

The uplift along the northerly shores of the Great Lakes apparently 
represents a slow recoil from the depression of the surface of the earth by 
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the weight of the great ice sheet, which began its recession about 25,000 
years ago. 

The late Dr. John R. Freeman [1] concluded that earth tilting, or 
surface deformation, has been in progress in the Great Lakes region at the 
rate of 6 to 12 inches per 100 miles per century. 

Earthquakes and volcanic eruptions continue to modify the earth’s 
surface. The earthquake at New Madrid, Mo., of little more than a 
century ago, temporarily obstructed the Mississippi River and caused large 
areas of land in Arkansas and Tennessee to sink materially. 

DEVELOPMENT OF SURFACE WATERCOURSES 

At its source, while rain is falling, direct surface runoff moves in thin 
sheets over the surface of the earth and is largely governed by the laws of 
laminar flow, velocity being directly proportional to gradient. Soon, how- 
ever, these sheets find surface depressions formed, during previous rains. 
The depth of flow increases. It becomes turbulent and follows the laws 
of turbulent flow, velocity being approximately proportional to the square 
root of the gradient. While moving in thin sheets, surface runoff can not 
attack soil protected by vegetation. As the rills increase in size, however, 
the ground surface is attacked and, where the slopes are steep, gullies are 
formed. Unless the gullies are protected by the root systems of vegeta- 
tion, they deepen rapidly, the sides cave, the water becomes heavily laden 
with sediment, and the forces of degradation are in active control. 

The rate of progress toward the formation of surface watercourses is 
primarily dependent upon the character and condition of the surface of 
the earth and the rate and frequency of intense rainfall. Steep, unpro- 
tected slopes of fine, granular soils quickly become more gullied and pro- 
duce rapid surface runoff. Relatively level land, particularly if the soil 
is granular, permits ready infiltration and ground-water recharge and 
produces well-sustained stream flow that tends to maintain well-defined 
watercourses. 

In broad alluvial valleys surface watercourses generally follow 
meandering channels with gradients sufl&cient to permit the normal flow 
of the stream to maintain a well-defined channel. Although the meander- 
ing Mississippi River in its 1,047-mile course from Cairo to the sea has 
from time to time cut off bends aggregating 228 miles of channel in 165 
years, yet its length from Cairo to the sea has not appreciably changed in 
that time [2]. Artificially reducing the channel length of a meandering 
stream may be a continuing undertaking unless the channel changes are 
made permanently effective by protecting the banks of the stream against 
the scouring effects of the increased velocity produced by shortening its 
course. 
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GROUND-WATER FLOW 

In the more humid regions, particularly those of relatively flat topog- 
raphy and absorptive soil, the stream flow consists largely of ground- 
water runoff. The proportions vary greatly with the character of the soil, 
subsoil, and underlying rocks. 

Although ground-water flow can not be directly measured until it has 
appeared in surface watercourses, yet a fair estimate of the portion of the 
flow of a given stream which at some point was ground-water flow can 
be made from the hydrograph of the stream and hydrologic data for its 
drainage basin. In general, it may be stated that at least one-third of 
the runoff reaches surface watercourses after some travel underground. 
Such underground movement of water is extremely slow and constitutes 
the principal factor in equalizing the runoff. 

Changes, in ground-water storage occur gradually through the year 
with changes in infiltration and ground-water outflow. In general, from 
1 to 2 inches of infiltration is required to raise the ground-water table 1 
foot in clayey soil; from 3 to 4 inches is required in sand. The gradients 
under which ground water moves toward surface-water channels vary 
with the character of the water-bearing material and necessarily change 
slowly. 

Considerable information on the contribution of ground water to 
stream flow appears in United States Geological Survey Water-Supply 
Paper 772 [3]. The unweighted arithmetic average contribution given for 
nine basins in the United States is 40 percent of the total. The average 
annual precipitation on these basins is 38.9 inches, and the average annual 
runoff is 5.8 inches. Extremes of annual precipitation range from 18.5 
inches for the Red River of the North at Grand Forks, N. Dak., to 59.7 
inches for the Chattahoochee River in Georgia. Extremes of annual run- 
off range from 0.24 inch for the Red River of the North to 11.6 inches for 
the Chattahoochee. 

In the same publication one minor basin, with relatively heavy soil 
and steep slopes, is shown with less than 20 percent of ground-water flow, 
and another, with relatively pervious soil and underlying rocks, with over 
70 percent of ground-water flow. The portion of the total stream flow that 
appears as ground-water flow necessarily varies from year to year in each 
basin, depending upon the amount, character, and rate of precipitation. 

SNOW RUNOFF 

In the mountainous regions stream flow consists largely of water 
temporarily stored on the earth’s surface as snow and ice. This surface 
storage tends to equalize the stream flow materially. Years of heavy 
precipitation may be years of relatively low summer temperature, with 
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the result that the precipitation from one season is carried over into the 
next and stream flow is equalized. Perhaps the greatest equalization of 
stream flow is to be found in glacier-fed streams. The surface storage of 
precipitation in the great ice cap of Greenland is many times as large as 
the total surface storage in the mountain ranges of the earth, and the snow 
and ice storage in Antarctica dwarfs all other surface storage on the earth. 

In the regions where a large portion of the annual precipitation occurs 
as snowfall winter evaporation is usually small. Winter precipitation, 
therefore, represents primarily moisture brought inland from the sea and 
from warmer inland areas. When the snowfall comes before the frost 
has deeply penetrated the ground, a large percentage is absorbed during 
the spring period of melting, to recharge the ground water and provide 
soil and subsoil storage for vegetation. On the other hand, when snow falls 
on saturated, frozen ground and later melts, most of it appears as surface 
runoff. The combination of heavy snowfall on frozen ground liquidated 
by warm rains is perhaps the greatest single flood-producing factor. 

Streams fed primarily by direct surface runoff are always flashy. 
Streams fed largely by ground-water flow are well sustained throughout 
the year, although they may not escape floods produced by direct surface 
runoff during periods of intense precipitation. 
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XIb. methods of stream gaging 
Charles H. Pierce ^ 

The term “stream gaging”' as ordinarily used in referring to measure- 
ments of river discharge relates to the process of determining the rate 
of flow, or the discharge, of a river. The average rate of flow for a 
period of time, such as an hour, day, month, or year, and the changes in the 
rate of flow from day to day, also the rate of flow corresponding to a given 
stage, regardless of time, are computed from observations and measure- 
ments made in the field. The average rate of flow for the 24 hours of a 
day, commonly called the daily discharge, is generally employed as the 
measure of the flow of a river. The units of discharge most commonly 
used are cubic feet per second, abbreviated to “second-feet,” “sec.-ft.,” or 
“ c.f.s.,” in English units ; and cubic meters per second, or liters per second, 
in metric units. 

The procedure used in gaging the flow of streams in open channels 
generally consists of individual measurements of discharge at various stages 
from low water to high water and the determination of the relations of 
stage to discharge, so that records of discharge may be derived from the 
records of stages by means of the stage-discharge relations. In order to 
arrive at a satisfactory determination of the stage-discharge relations at 
a gaging station and to insure that these relations when once established 
may be reasonably permanent, the hydraulic conditions controlling the 
relation of stage to discharge should be definite and stable. The hydraulic 
conditions that establish and control the stage-discharge relation at a 
gaging station are commonly referred to as the station control and include 
the reach of the river channel, with all its physical features, that hydrauli- 
cally determines the stage of the river for a certain rate of flow at the 
gaging station. The station control may be either natural or constructed 
and may consist of a ledge of rock crossing the channel, a boulder-covered 
riffle, an indurated bed, an overflow dam, or any other physical feature 
capable of maintaining a fairly stable relation between the discharge of a 
stream and the water level at the selected point above it. The natural 
control for the gaging station on the Connecticut River at First Connecti- 
cut Lake, near Pittsburg, N. H., is shown in Fig. XIb-1. 

Observations of stages and records of changes in stage from day to 
day are coordinate with the individual measurements of discharge as essen- 
1 Hydraulic engineer^ Water-Resources Branch, Geological Survey, United States Depart- 
ment of the Interior, Washington, D. C. 
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tial requirements for the collection of records of river discharge at open- 
channel gaging stations. The stage-discharge relations expressed in the 
form of a rating curve or a rating table provide the means for converting 
records of stages into records of discharges. 


Fig. XIb-1. — Natural control at gaging station on the Connecticut River at First Connecticut Lake, 
near Pittsburg, N. H. {Photograph by C. H. Pierce.) 

CURRENT-METER MEASUREMENTS OF DISCHARGE 

The individual determinations of discharge that are made at various 
stages from low water to high water and are used in the development of 
the rating curve are ordinarily made by the velocity-area method, a current 
meter being used for measuring the velocities. Under some circumstances 
other methods may be found desirable, especially for small streams and 
for conditions of low flow where volumetric measurements or determina- 
tions by weirs, flumes, or other devices may be practicable. 

The current meter is an instrument used to measure the velocity of 
flowing water by means of a rotating element that is .so constructed that 
when placed in the water the number of rotations in a unit of time will 
have a definite relation to the velocity of the water. By placing a current 
meter at a point in a stream and ascertaining the number of revolutions 
of the cups or vanes in a known interval of time, the velocity of the water 
at that point can be determined from the calibration of the meter. The 
equation of the meter rating ordinarily is obtained by calibration of 
the instrument in a rating flume where the meter is drawn through still 
water at a known speed and the number of rotations counted or auto- 
matically recorded. When used in measurements of river flow the 
number of rotations of the cups or vanes of the current meter under 
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some conditions may be observed visually, although electrical devices are 
generally employed to transmit to the observer the contacts made at each 
revolution, or at every fifth or tenth revolution. The number of contacts 
are counted by the observer for an interval of time measured by a stop 
watch. Sometimes a recording mechanism is employed for indicating the 
revolutions and for measuring the time interval. 

The current-meter equipment' should provide means for placing and 
holding the instrument at any desired depth, so that velocity observations 
may be made at definite distances below the water surface. The number 
of points ip a vertical section where observations are made depends upon 
the depth of water and the method used in making the measurement. 
Likewise, the number of places where velocities are measured ip the hori- 
zontal distance across the stream depends somewhat upon the character 
of the stream bed and the uniformity in distribution of velocities. Satis- 
factory conditions for current-meter measurements require a fairly smooth 
stream bed without abrupt changes in depth and freedom from rocks or 
boulders that might cause excessive turbulence. This requirement applies 
to conditions upstream and downstream in the vicinity of the measuring 
section, as well as at the section used in the measurement. 

It is often necessary to measure the discharge of a stream during a 
rising or a falling stage, and the method that is used should permit the 
measurement to be completed during a fime interval in which the change 
in stage is not too great, otherwise the results of the measurement may be 
inconclusive with respect to the stage-discharge relation. An excessive 
number of observations might, because of the length of time required for 
the completion of the measurement, cause a measurement to be less reliable 
than one with fewer observations completed in a shorter time. The- num- 
ber of sections at which observations should be taken may range from 10 
to 30 for small streams and from 20 to 50 for large rivers, including only 
that part of the river flowing in its usual channel. No definite rule can be 
given for the number and position across the stream of the points for 
the observations of depth and velocity except that the distance between 
the points should be so determined and the points so spaced as to dis- 
close the true shape of the bed and the true mean velocity of the flowing 
water. The distance between the points of measurement may be as much 
as 15 or even 20 feet in a smooth channel 400 feet wide and perhaps as 
much as 40 feet in a channel 1,000 feet -wide. The channel should be 
divided into 20 or more parts except for very small streams, where a some- 
what smaller number may be sufficient if the distance between the points 
becomes less than 1 foot. The di-vision is generally made so that there will 
be not more than 10 percent and preferably not more than 5 percent of the 
discharge between any two of the points. The number of measuring 
points would necessarily be increased at times of high water to include any 
additional channels due to overflow. 
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The distances between the points where the observations are made 
should be measured accurately, and markers should be placed on the bridge 
or cable so that the widths of the sections and the depth of the water at 
each point may be accurately determined, as the areas of the individual 
sections between the observation points are of equal importance with the 
mean velocities in those sections in determining the total discharge of 
the stream. When measurements are made by wading, a tag line should 
be stretched across the stream at the measuring section, so that the points 
of observation may be referred to an initial point on the bank for conven- 
ience in correlating the measurements of depth and velocity in the indi- 
vidual sections. 

The position of the points where velocity determinations are made in 
a vertical section depends upon the depth of water and the method used 
in supporting the current meter. If the meter is supported by a hand 
line, with a weight suspended below the meter, observations ordinarily can 
be made at 0.2 of the depth and at 0.8 of the depth where the depth of 
water is 2.5 feet or more, and at 0.6 of the depth where the wmter is from 
1.25 to 2.5 feet in depth. If the w'ater is too shallow for obtaining observa- 
tions at 0.6-depth with the hand-line suspension, a wading section where 
the meter can be supported by a rod should be used. With the rod suspen- 
sion, observations at 0.2-depth and 0.8-depth can be made for depths of 
1.5 to 2.5 feet, and at 0.6-depth for lesser depths. For depths less than 
0.5 foot the meter may be placed at mid-depth [3]. The wading section 
need not necessarily be the same as the section used at higher stages when 
measurements are made from a bridge or a cableway. 

Curves showing the distribution of velocities in a vertical section 
may be plotted from observations taken at a series of points in the vertical. 
Observations taken at intervals of one-tenth the total depth ordinarily 
are sufficient to determine the shape of the vertical velocity curve. The 
average velocity may be determined from the vertical velocity curve, and 
comparisons can be made with results obtained by the use of the average 
of the two observations made at 0.2-depth and 0.8-depth and with the 
results of the single-point observation made at 0.6-depth. It is generally 
found that the results by these different methods agree very closely, but 
the 0.2- and 0.8-depth method is somewhat more reliable than the 0.6- 
depth method for those depths where it can be used. 

The stage of the river at beginning and end of the measurement, and 
at other times during the measurement if the stage is changing, should be 
observed and made an essential part of the record. 

MEAN GAGE HEIGHT FOR A DISCHARGE MEASUREMENT 

The mean gage height for a discharge measurement is one of the 
coordinates used in plotting the measurements that establish the discharge 
rating curve. An accurate determination of the mean gage height for a 
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measurement is therefore as important as an accurate measurement of 
the discharge in providing the basic data for determination of the stage- 
discharge relation. 

The gage height for a discharge measurement should always be 
referred to the gage that is used in obtaining the records of stage. At 
stations having auxiliary gages the stages indicated by those gages should 
also be recorded for purposes of comparison. 

Before beginning a discharge measurement the gage height should be 
observed, and any available information as to changes in stage that are 
likely to occur before the completion of the measurement should be given 
proper consideration. On some streams subject to power operation the 
changes in stage may be so rapid that it would be inadvisable to attempt 
to make a discharge measurement under those conditions, and a time for 
making the measurement should be selected when the stage may be as 
nearly constant as can be obtained. Discharge measurements at times of 
high water must usually be made under conditions of rising or falling 
stages, and it then becomes necessary to determine the mean gage height 
for the measurement. The condition of a rising or a falling stage is a 
common occurrence on natural streams, although the amount of change 
during the time required for a measxirement may not be so great as to 
cause serious difficulty in adjusting the results except for measurements 
of power-regulated streams and of streams during peaks caused by storm 
run off. 

For discharge measurements made at constant or nearly constant 
stages there is ordinarily no difficulty in deciding upon the gage height 
that corresponds to the measured discharge. If the change in stage is 
small, such as 0.1 foot or less, and the measurement has progressed con- 
tinuously from start to finish, the mean gage height can ordinarily be taken 
as the arithmetical average of the two observations. If a considerable 
change in stage has occurred, or if a major portion of the measured dis- 
charge corresponds more nearly to one than to the other of the two obser- 
vations of stage, the proportional parts of the measured discharge and the 
observations of stage to which they more nearly relate should be taken 
into consideration by computing a weighted mean gage height. Addi- 
tional observations of stage between the times of starting and finis hin g 
the measurement should be made if there is very much change in stage, 
and these observations should be used in computing a weighted mean gage 
height for the measurement. 

RECORDS OF STAGE 

Continuous records of stage obtained by water-stage recorders are 
generally desirable for use with the stage-discharge relations as the bases 
for computation of river discharge [1]. The water-stage recorders contain 
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a time element and a height element, so arranged that a continuous graph 
of river stages is automatically produced on the record paper. The clock 
that controls the time element should be weight-driven, and the time and 
height scales should be on rectangular coordinates. The record of stage 
should be referred to the same gage that is used in the observations of 
stage at times of discharge measurements. 

The water-stage recorder should be installed over a stilling well in 
the bank of the river, in a structure of sufficient height so that the instru- 
ment will be above maximum flood stages. The bottom of the well should 



Fig. XIb-2. — Gaging station on the Potomac River at Hancock, Md. {Photograph by C. H, Pierce.) 

be at a depth that is below minimum low water and should be connected with 
the river by an intake pipe at least 23 ^^ or 3 inches in diameter. The top of 
the well terminates in a shelter with a floor and support for the water- 
state recorder. The height element of the recorder has a direct connection 
to a float in the well by means of a stainless-steel or phosphor-bronze tape. 
The tape should be graduated for convenience in measuring the height of 
water in the well. Precise observations of stage may be made by means 
of the graduated tape or other reference gage inside the well. All gages 
used at the station should be set-to read to the sarile datum. Reinforced 
concrete is generally used in the construction of the gage well and shelter 
for permanent installations. The well should be at least 4 by 4 feet in 
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inside dimensions, although in some places 36-inch corrugated steel-pipe 
wells have been found to be satisfactory. A typical reinforced-concrete 
structure at the gaging station on the Potomac River at Hancock, Md., 
is shown in Figure XIb-2. 

EQUIPMENT FOR GAGING STATIONS 

The basic principles involved in the collection of stream-flow records 
are fairly simple, and under favorable conditions good results may be 
obtained with a small amount of gaging-station equipment, but the impor- 
tance of many of the records warrants the use of special equipment in order 
to facilitate the work and increase the accuracy of the records. On some 
streams the natural conditions of river channel at the section that controls 
the discharge relation may not be of a permanent nature, and it may be 
desirable to stabilize the stage-discharge relation by means of an artificial 
control. Bridges suitable for use in current-meter measurements of dis- 
charge are not always available at the places where measurements are 
desired; therefore, cableways may be needed for the use of the engineer 
when river stages are too high for wading. Suitable structures for housing 
water-stage recorders are generally necessary. Although comparatively 
small in size, the structures are of special design and construction, and care- 
ful attention to their position in or adjacent to the river channel is alw’ays 
desirable. Even the simple nonrecording gages require care in their 
installation in order to insure satisfactory records. 

The following statement regarding installation of water-stage record- 
ers is taken from a pamphlet issued by the United States Geological Survey 
for the use of its district engineers [4] : 

The essential features of a water-stage recorder installation are listed below. The care 
with \vhich the installations are designed and constructed to meet local conditions will, in a 
large measure, determine the successful operation of the recorder. 

1. A stilling well connected by an intake pipe or other openings with the body of water 
whose stage is to be recorded. 

2. A house over the stilling well to protect the recorder. 

S. Staff or other nonrecording gages outside and inside the house and well for comparing 
the stage in the well with that outside and for use in setting and checking the recorder, 

4. Permanent bench marks for use in maintaining the datum of the gage. 

Unless the water flowing past the gage is clear and free from silt at all timeSj a flushing 
device for cleaning intake pipes is also essential and for streams with an unusually high silt 
content a silt trap may be desirable. 

Detailed plans should be provided for the use of the field engineer, 
so that the structures may be built economically in accordance with the 
requirements of the work. Various articles of equipment for river meas- 
urements, including a water-stage recorder house and well built of rein- 
forced concrete, are shown in Figure XIb-3. 

A structure to support the engineer when making current-meter 
measurements is necessary for streams that are too deep and swift to per- 
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mit measurements by wading. The principal types of structures used 
for this purpose are existing or specially constructed bridges, a boat held 
in place by a cable or guy line, and a cableway carrying a car. 



Bridges may in some localities provide the only practicable means for. 
supporting the engineer in his use of the current meter, and for large 
streams like the Mississippi River, where heavy sounding weights and 
power-operated reels are needed, special equipment has been built f or use 
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in handling the current meter in making discharge measurements from 
bridges. Boats are sometimes necessary, and their use is generally satis- 
factory if the velocity is not too great and suitable means are provided for 
keeping the boat in the desired position. In making measurements from 
a boat, the current meter should be held upstream or far enough from the 
side so that the velocity at the place of observation may not be affected 
by any disturbed conditions of flow created by the boat. 

The equipment and appurtenances for a cable installation consist of 
the cable and its accessories, the supports and anchorages for sustaining 
it, and a traveling car to carry the engineer across the stream while he is 
using the current meter. A cable or wire rope consisting of six strands, 
seven wires to the strand, with the strands wound around a hemp center, 
has great flexibility and is frequently used. The individual wires are 
galvanized before being built into the rope. Rope of this type constructed 
from galvanized crucible-steel wire is sometimes called yacht-rigging rope 
and may be used for short spans, the size of the rope depending upon the 
span and the allowable sag. Improved plow-steeL rope of this type may 
be used for spans up to about 800 feet. For long spans galvanized plow- 
steel tramway cable is preferable, and the greater strength of the tramway 
cable permits installations that would be impracticable or even impossible 
with yacht-rigging rope. 

The following formulas [5] may 'be used in computing the stress in 
cables suspended between supports at the same height : 

WS^ PS S{WS + 2P) 

^ ~ 8D ^ 4D ~ SD 

T = H -\jl + (approximate) 

in which H = horizontal tension in cable, in pounds. 

T = maximum tension in cable, in pounds. 

W = weight of cable, in pounds per foot. 

S — span between supports, in feet. 

D — deflection or sag, in feet. 

P =" concentrated load at center of span, in pounds. 

To determine the deflection or loaded sag for a given tension the 
following formula, derived from the first formula given above, may be 
used: 

S{WS -b 2P) 

^ ~ SH 

As cables erected for stream gaging have comparatively little sag, the 
secant of the angle of cable departure at the support is approximately 
unity. The maximum tension is therefore practically the same as the 
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horizontal tension and may be calculated directly by use of the first for- 
mula given above. 

The length of cable required may be determined from the following 
formula for the curved length (L) between supports of an unloaded or 
uniformly loaded cable: 

/..s(l+g=) 


Where the cables are to have factory-installed sockets, the required 
length of cable should be carefully determined, with allowance for the 
maximum take-up that is to be provided. 



Fig. XIb- 4.— Artificial control at gaging station on the Olentangy River near Delaware, Ohio. 

{Photograph by C. H. Pierce.) 

Artificial controls are structures built in the channel of a stream for 
stabilizing the stage-discharge relations, thereby simplifying the stream- 
gaging procedure and increasing the accuracy of the discharge records. 
Artificial controls may be of various types and may differ in design in 
accordance with the requirements of the individual gaging stations. For 
some streams where the bed is continually shifting and permanent founda- 
tions are not available, it may be desirable to stabilize the stream bed by 
means of a low structure that conforms to the general profile of the bed, 
but the artificial control is generally more effective if it is built to a height 
somewhat above the natural profile of the bed. 

The transverse section of the control generally takes the form of a 
broad-crested weir, the downstream face having a slope flat enough to 
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cause the nappe of the flowing water to adhere to the crest. All corners 
and changes in direction of the wetted surface of the cross section should 
be of such shape that there may be no turbulence or irregularity in the 
flow of water over the structure. The longitudinal profile of the control 
should be so designed that at times of low flow the depth of water at the 
lowest part of the control will be at least 0.3 foot. This requirement may 
necessitate a profile having a comparatively short horizontal length in 
the center of the stream, with upward slopes to each bank. For streams 
where the low-water flow is very small the longitudinal profile of the 



Fio. XIb- 5. — Artificial control at gaging station on Devil Canyon Creek near San Bernardino, Calif. 

{Photograph by U. S. Geological Survey.) 

control may take the form of a notchlike depression in the center, with 
the crest sloping upward toward the banks on each side. This type of 
artificial control at the station on the Olentangy River near Delaware, 
Ohio, is shown in Figure XIb-4. Another type of artificial control that is 
used in some parts of California is shown in Figure XIb-5. 

For rivers of flat slopes where changes in stage may be caused by 
conditions other than changes in discharge, such as the regulation of the 
height of the water by gates in a dam below the gage or the effects of 
variations in the stages of a river to which the stream is tributary, it 
may not always be possible to determine the discharge by means of a curve 
of relation between stage and discharge. Under those circumstances the 
slope or fall may be an important factor in the determination of discharge 
by means of slope-stage-discharge relations. 

COMPUTATION OF RECORDS 

The discharge measurements and the records of stages are the basic 
data for the computation of river discharge, but in addition to these data. 
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the results of field inspections of the gages generally provide information 
that is helpful in the interpretation and analysis of the records. After 
careful checking, the discharge measurements are plotted, and the dis- 
charge rating curve or curves are determined for the period under con- 
sideration. If the rating curve is found to differ from the curve previously 
used, new tables for the stage-discharge relation are computed and then 
applied to the records of stage to obtain the discharge. 

As the discharge rating curve is a curvilinear function of the stage, 
the application of the rating curve or rating table to the mean gage height 
for a 24-hour period may not give the correct mean discharge for that 
period if there has been a large change in stage during the period. There- 
fore, for conditions of changing stage, the discharge should be ascertained 
for consecutive short intervals of time, and the mean discharge for the day 
computed as the average of the discharge determinations for the short 
intervals of time of equal length into which the 24 hours has been divided. 

An instrument called the discharge integrator [2] has been developed 
by the United States Geological Survey for use in determining the mean 
daily discharge from records of stage obtained by water-stage recorders. 
This instrument contains a flexible steel curve that can be adjusted in 
accordance with the shape of the rating curve for the gaging station. 
When in use, the base plate of the instrument is placed on a specific gage- 
height division of the recorder chart, and a pointer is then drawn along 
the record in the direction of the time element. The mean discharge 
for the 24-hour period can be read directly on the instrument scale when 
the pointer has moved a distance corresponding to 24 hours on the time 
scale. 

The method of arrangement of stream-flow records for publication 
and general use depends somewhat upon the conditions in the region where 
the records are obtained. Tabulations showing the mean daily discharge 
for each day of the year are generally desirable, and from these data the 
various hydraulic studies corresponding to the needs of individual problems 
can readily be made. Tabulations of mean, maximum, and minimum 
discharge for each month and for the year may give the essehtial facts in 
abbreviated form. Other data, such as figures showing monthly and 
yearly run off in second-feet per square mile, run off in depth in inches 
from the total drainage area, and run off in acre-feet, may be derived from 
the summary tables of mean monthly discharge. The records as published 
by the United States Geological Survey are expressed in English units 
but may be similarly computed for units used in the metric system. 
Tabulations showing the number of days or percentage of time when the 
flow was equal to or greater than certain indicated values are generally 
helpful in water power and water-storage investigations. Various other 
methods may be used in the arrangement and use of the data, and with 
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the records of daily discharge available for each day of the year the user 
of the data can make his computations in accordance with the requirements 
of his individual problems. 
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XIc. LONG RECORDS OF RIVER FLOW 


Royal W. Davenport^ 

By length of continuance, records of river-flow gain value and 
significance for practical and scientific applications. Thereby a more 
satisfactory basis is afforded for studying the stability and adequacy of 
water supply in relation to needs and uses, for analyzing the magnitude 
and frequency of floods as a basis for applying economic principles to 
provisions for flood control, for appraising the severity and frequency of 
droughts as a factor in the guidance of agricultural, industrial, and urban 
development, and for similar purposes. It is obvious that knowledge of 
hydrology and meteorology may be extended through the prolongation 
of observations of the processes treated by or related to these sciences. 
These observations appropriately include long records of river flow. 
Such records also afford opportunity for the examination of the natural 
phenomenon of the flow of water in rivers to discover significant evidence 
of occurrence of systematic sequences or cycles. 

History from earliest times presents much evidence of the important 
part which rivers have played in human progress and experience. Usually, 
however, historical accounts contain, only scanty references to river 
behavior, which have little quantitative scientific significance. Moreover, 
records of river flow, like and perhaps more than statistics of many other 
kinds pertaining to natural science, are of relatively recent origin. 

For a few rivers of the United States authentic but incomplete 
information of floods and droughts extends back for 75 or 100 years and 
scantily for longer periods. The earliest determination of the daily dis- 
charge of a natural stream appears to have been made in 1821 by Escher 
de la Linth for the Rhine River at Basel, Switzerland, for the years 1809 
to 1821. Marr, Ellet, and Humphreys and Abbot [2] did pioneer work 
on the determination of the discharge of the Mississippi and Ohio Rivers 
in the late 1840’s and 1850’s. Notable early contributions in this activity 
were made by others. However, the art of measuring, the rate and 
volume of flow of natural streams has been developed essentially within 
the last 60 or 70 years. Systematic records of the stages of a few rivers 
extend back for longer periods than 60 or 70 years. Because of these and 
other reasons, as explained below, only a few reliable records of river flow 
in the United States exceed 50 years or even 40 years. The availability 
of long records of river flow is not materially greater in parts of the world 
^ Hydraulic engineer, Chief, Division of Water Utilization, Geological Survey, United 
States Department of the Interior, Washington, D. C. 
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where the progress of civilization and development of written records 
had been moving in advance of those in this country for hundreds and 
thousands of years. 

The River Nile of Egypt is outstanding in respect to length of associa- 
tion with relatively advanced civilization, and by reason of its indis- 
pensable place in ancient and modern 1’ e it has perhaps been subject 
to discriminating observation for a longer time than any other river in 
the world. The crop.s of the Nile Valley are dependent on annual flooding 
by the river, and the height of flooding has determined the extent of the 
lands that could be tilled in any year and, therefore, the .seasons of plentiful 
and deficient harvests. Jarvis [3] has compiled many interesting data 
concerning the flood records of the Nile. Known flood marks adjoining 
the river extends as far back as about 1800 B.C. Mention of the annual 
rises of the Nile is found in ancient inscriptions dating back to between 
3000 and 3500 B.C. Jarvis has presented in graphic form maximum and 
minimum stages of the Roda gage at Cairo from all available records from 
622 to 1926 A.D. Data for maximum stages are reasonably complete 
except for portions of the sixteenth and seventeenth centuries. The last 
100 years of the record shows the influence of a diversion dam constructed 
in the river about 15 miles below the gage. Despite probable errors and 
inaccuracies in the records, a study of the trend of the stages through 
centuries discloses an apparent progressive sedimentation at a rate of 
considerable uniformity, averaging 10 to 15 centimeters per century. 
Information as to rates and volumes of discharge is available only since 
1870. 

In the article noted Jarvis refers briefly also to other long records 
of river flow' in Europe and Asia as they bear upon great floods of the past. 
The IVIiami Conservancy District [6] has published information concerning 
storms and floods in European river basins. Both these sources give 
references to literature in English and other languages, which contains 
information regarding the floods and other features of river behavior for 
various foreign rivers over long periods in the past. 

Through a report by the Government of Soviet Russia [5] interesting 
information is made available regarding a long record of the Memel 
River of Lithuania. Kolupaila states in this report that the Lithuanian 
Hydrometric Bureau published in its yearbook for 1930 the results of 
observations of the stages of the Memel River at Schmalleningken in 
1812 to 1930. Kolupaila has undertaken to convert these stages into 
rates of discharge. 

Measurements of discharge are said to be available for the reach of 
the Memel River at Schmalleningken since 1875. The Prussian, Russian, 
and Lithuanian discharge measurements for this reach vary but little from 
the averaged rating curves since 1890. However, study of the records 
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seems to show an appreciable progressive change in the bed of the channel 
of the river or in other conditions that affect the hydraulic capacity of 
the channel. Consequently, Kolupaila has deduced and applied correc- 
tions to the stages from 31 centimeters to 0 before conversion to discharge. 
Application of special methods was also necessary for the determination 
of the dischar, 3 S when the flow was affected by ice cover. The results 
seem still to show a progressive increase in discharge through the period 
of record, which Kolupaila apparently attributes to deficiencies in the 
methods of correction. The experience in reducing the Memel River 
stage record to a discharge record well illustrates the difficulties that are 
very common to the conversion of long records of stage into records of 
discharge. 

Kolupaila’s report also contains references to European literature 
pertinent to such difficulties. A notable reference is made to a similar 
study of a long record of stage of the Rhine River at Basel, Switzerland [1], 
where the progressive reduction of stages had led to a false theory that 
discharges were decreasing. Systematic corrections to the gage heights 
of -|-96 to —18 centimeters, based upon apparently sound reasoning, 
produced results that seem to invalidate this theory. 

The process of determining the discharge of natural streams consists 
usually of the calibration of the discharge capacity of the channel at a 
certain place in relation to the stage of the water surface referred to a 
datum. Discharge measurements are made at a sufficient number of 
stages of the water surface and over a sufficient period of time to define 
the stage-discharge relation for the stream, so that the discharge may be 
determined if the stage is known. 

It is an inherent characteristic of rivers to change their channels 
and beds as time passes, through natural agencies, including deposition 
and erosion. The effects of these natural agencies may be modified by 
artificial means, including the works of man. Consequently, a calibration 
of the discharge capacity of a natural channel in relation to altitude 
involves consideration of the variations in this relation, which approaches 
comparative stability only where the banks and bed of the stream remain 
essentially unchanged over a long period of time. 

As indicated above, the extrapolation of a river-flow record into 
the past consists usually of the application of a calibration of discharge 
capacity, or a stage-discharge relation, to the river stages for a time 
antedating that for which such a relation was obtained. The difficulties 
referred to above in connection with the extrapolation of the records of flow 
of the Memel and Rhine Rivers are typical. Results so obtained are not 
reliable unless conditions are known to have been favorable for the 
maintenance of a stable stage-discharge relation, or unless there is some 
sound basis for determining the variable relations that existed. 
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As previously shown, records of notable floods were sometimes kept 
for many years prior to ttie initiation of systematic records of flow. Per- 

Merrimack River at Lawrence, Mass. 

{Mean, 20.13 inches, period 1880-1934) 



Tennessee River at Chattanooga, Tenn. 
(Mean, 24.34 inches,period 1875-1936) 



Red River at Grand Forks, North Dakota 
(Mean, 1.2! inches, period 1882-1936) 


o 

0^ 



Columbia River at The Dalles, Oregon 
{Mean, 1 1.44 inches, period 1879-1936) 
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Fig. Records of annu<il runoff, in, depth, in inches over the drsinsge sirens 3<bove the river- 

measurement stations. 

haps the longest record of flood heights in this country is that for the 
Connecticut River at Hartford, Conn. [4], which goes back continuously 
nearly 100 years and for some of the highest floods even longer. 
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References to or compilations of information regarding available 
past records of flood heights for many rivers are contained in several 
reports of recent floods published in the water-supply papers of the United 
States Geological Survey. 

As the economic importance of surface streams has increased and 
as the sciences of hydrology and hydraulics have progressed, the applica- 
tions of river-flow records have multiplied. Moreover, modern facilities 
for the measurement of flow make possible the collection of records that 
exceed materially in accuracy and detail those of 30 years ago and hence 
that are more widely usable — for example, in unit-hydrograph studies, in 
the determination of momentary peak flows, and in study of the behavior 
of flood waves. However, the earliest records in this country commonly 
furnish reliable records of annual volumes of runoff which serve to extend 
the present records into the past. 

Figure XIc-1 is based on records of annual runoff above the sites of 
four of the longer-maintained river-measurement stations in the United 
States — the Merrimack River at Lawrence, Mass., the Tennessee River 
at Chattanooga, Tenn., the Red River at Grand Forks, N. Dak., and the 
Columbia River at The Dalles, Oreg. The stations have been selected 
with a view to illustrating some of the types of runoff occurrence as 
expressed in mean depths in inches over the tributary drainage areas. The 
types shown, although considerably different, represent only a few of the 
numerous types of runoff. Over much of the arid West the mean annual 
runoff is for most streams only a small fraction of an inch for the tributary 
drainage areas. The progressive influence of irrigation diversions above 
the older measurement stations materially impairs the value of many 
such records as a comparative index of annual runoff. Progressive 
development of storage regulation has also affected the value of runoff 
records as indexes of the operation of hydrologic factors. Many other 
long records are available for study, and more information concerning 
them may be obtained from the water-supply papers or by inquiry at 
district offices of the United States Geological Survey. 

The data for the four rivers are presented graphically in the figure. 
The ratios of the annual runoff, in depth in inches, to the mean for 
the period of record are shown by the vertical columns. For the definition 
of a trend line to develop any uniformity of variation in periods longer 
than a year, smoothed values have been computed. The smoothed values 
are obtained by application of the formula 

d -|- 46 -j- 6c -j- Ad -(- 6 
16 

in which a, h, c, d, and e represent the runoff for the first, second, third, 
fourth and fifth years respectively. The values are determined progres- 
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sively for each 5-year period and plotted for the third year of the group. 
A curve is drawn through the points so plotted. 

The records at the four stations are given below. 

MERRI.MACK RIVER AT LAWRENCE, MASS. 

Location. — At dam of the Essex Co. 

Drainage area. — Total above Lawrence, 4,672 square miles. Net, exclusive of diverted parts 
of Nashua and Sudbury Rivers and Lake Cochituate Basins, 4,461 square miles. 

Records available. — 1879 to 1934, 

Average annual runoff, — 20.13 inches. 

Remarks. — Records furnished by the Essex Co. and published in water-supply papers of the 
United States Geological Survey. Adjustments made to show runoff in depth in inches over 
the net contributing drainage area. 


Runoff j in depth in inches^ for the years ending September 30, 4880-1934 


Year 

Runoff 

Year 

Runoff 

Year 

Runoff 

Year 

Runoff 

1880 

17.60 

00 

15.75 

1908 

23.07 

1922 

26.34 

1881 

18.90 

1895 

13.60 

1909 

14.09 

1923 

17.39 

1882 

21.63 

1896 

22.73 

1910 

14.98 

1924 

22.00 

1883 

12.76 

1897 

23.15 

1911 

10.65 

1925 

16.15 

1884 

20.90 

1898 

23,14 

1912 

19.11 

1926 

17.06 

1885 

15.72 

1899 

23 20 

1913 

17.10 

1927 

16.15 

1886 

24.58 

1900 

19.77 

1914 

20.09 

1928 

31.54 

1887 

26.27 

1901 

22.08 

1915 

15.06 

1929 

22.06 

1888 

25.08 

1902 

26.05 

1916 

24 15 

1930 

12.58 

1889 

25.76 

1903 

26.25 

1917 

19.71 

1931 

15.16 

1890 

27.42 

1904 

19.82 

1918 

14.49 

1932 

16.30 

1891 

28.96 

1905 

16.01 

1919 

19 37 

1933 

24.79 

1892 

16.42 

1906 

19.98 

1920 

25.19 

1934 

22.60 

1893 

19.19 

1907 

15-42 

1921 

21.60 




TENNESSEE RIVER AT CHATTANOOGA, TENN. 

Location. — At Walnut Street Bridge, Chattanooga. 

Drainage area. — 21,400 square miles. 

Records available. — 1874-1936. 

Average annual runoff, — 24.34 inches. 

Remarks. — Records published in Tennessee Division of Geology Bulletin 34 and in water- 
supply papers of United States Geological Survey. Some regulation by storage in Norris 
Reservoir beginning March 4, 1936. 


t 
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Runoffs in depth in inches, for the years ending September 30, 1875-1936 


Year 

Runoff 

Year 

Runoff 

Year 

! 

Runoff 1 

1 

Year 

Runoff 

1875 

34 66 

1891 

32.45 

1907 

27 55 

1922 

27.79 

1876 

29.98. 

1892 

26,45 

1908 

25 . 65 

1923 

26,94 

1877 

20.13 

1893 

23.98 

1909 

31.55 

1924 

21.82 

1878 

19.04 

1894 

17.27 

I 1910 

18 69 

1925 

14.14 

1879 

21.21 

1895 

21.10 

1911 i 

19.81 

1926 

16.61 

1880 

27 07 

1896 

18.24 

1 1912 

27.25 

1927 

27.41 

1881 

22.66 

1897 

27.96 

1 1913 i 

22 88 

1928 

27.19 

1882 

37.17 

1898 

18 92 

j 1914 

14.18 

1929 

30.71 

1883 

24 62 

1899 

30.98 

i 1915 

21 91 

1930 

20 24 

1884 

32.72 

1900 

18 96 

ij 1916 

28 44 

1931 

13.89 

1885 

17.96 

1901 

30.59 

!| 1917 

28.07 

1932 

22 . 55 

1886 

35.79 

1902 

26.86 

1918 

18.28 

1933 

26.87 

1887 

25.50 

1903 

27.66 

1919 

25.53 

1934 i 

16.56 

1888 

22.40 

1904 

13.91 

1920 

31.31 

1935 

22,71 

1889 ' 

1890 

26.74 

28.18 

1905 

1906 

19.57 

23.94 

1921 

23.33 

1936 

24.59 


RED RIVER AT GRAND FORKS, N. DAK* 

Location, — About 2 miles below the mouth of Red Lake River and earlier about half a mile 
below the mouth of Red Lake River. 

Drainage area , — 25,500 square miles. 

Records available. — 1882-1906. 

Average annual runoff. — 1.21 inches. 

Remarks. — Records published in report of Minnesota State Drainage Commission, 1912, and 
in water-supply papers of the United States Geological Survey. 


Runoff, in depth in inches, for the calendar years 1882-1936 


Year 

Runoff 

Year 

Runoff 

Year 

Runoff 

Year 

Runoff 

1882 

3.06 

1896 

1.85 

1910 

1.27 

1924 

0.38 

1883 

2.22 

1897 

3.05 

1911 

.39 

1925 

.71 

1884 

1.56 

1898 

.89 

1912 

.47 

1926 

.64 

1885 

1.70 

1899 

1.14 

1913 

.74 

1927 

1.41 

1886 

1.04 

1900 

1.02 

1914 

1 .93 

1928 

1.00 

1887 

.56 

1901 

1.74 

1915 

1.57 

1929 

.80 

1888 

1.50 

1902 

1.72 

1916 

3.12 

1930 

.63 

1889 

.42 

1903 

1.59 

1917 

1.19 

1931 ! 

.18 

1890 

.44 

1904 

2.60 

1918 

.52 

1932 1 

.32 

1891 

.66 

1905 

2.09 

1919 ! 

1.18 

1933 

.21 

1892 

2.04 

1906 

2.46 

1920 

1.69 

1934 

.13 

1893 

1.93 

1 1907 

1.89 

1921 

,80 

1935 

24 

1894 

1.15 

1908 

1.64 

1922 

1.27 

1936 

.31 

1895 

.45 

1909 

1 41 

1923 

.70 
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COLUMBIA RIVER AT THE DALLES, OREG. 


Location.—At The Dalles, 

Drainage area. — 237,000 square miles. 

Records available.-~187^l%^. 

Average annual runoff. — 11.44 inches. 

Remarh.— -Records published in water-supply papers of United States Geological Survey, 
Through the period of record there has been a progressive increase in utilization for irrigation 
and regulation by storage, but the net effect has been relatively small in relation to the 
total run-off. 


Runoffs in depth in inches, for the years ending September 30, 1879^1936 


Year 

Runoff 

Year 

Runoff 

Year 

Runoff 

Year 

Runoff 

1879 

13.85 

1894 

17.77 

1909 

11.00 

1924 

7.87 

1880 

15.18 

1895 

11.13 

1910 

12.21 

1925 

11.51 

1881 

14.46 

1896 

13.15 

1911 

10.74 

1926 

6.77 

1882 

13.27 

1897 

13.87 

1912 

10.51 

1927 

11.79 

1883 

12.14 

1898 

13.19 

1913 

12.19 

1928 

13.28 

1884 

12.29 

1899 

13.47 

1914 

10.70 

1929 

7.61 

1885 

12.27 

1900 

12.85 

1915 

8.41 

1930 

7.60 

1886 

12.07 

1901 

12.53 

1916 

13.78 

1931 

7.00 

1887 

14.93 

1902 

11.30 

1917 

11.94 

1932 

10.64 

1888 

11.61 

1903 

12.09 

1918 

11.72 

1933 

11.34 

1889 

7.67 

1904 

13.89 

1919 

9.85 

1934 

12.11 

1890 

11.21 

1905 

8.02 

1920 

9.01 

1935 

9.76 

1891 

9.47 

1906 

8.98 

1921 

13.18 

1936 

9.13 

1892 

11.38 

1907 

13.12 

1922 

10.47 



1893 

12.56 

1908 

11.27 

1923 

10.29 
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XId. the eunoff cycle 


William G. Hoyt^ 

The phenomena of runoff and the manner in which precipitation is 
translated into stream flow as described by various research workers 
(see references, p. 513) may be visualized as a cycle dependent on the 
nature of the supply. 


FIRST PHASE 

The first phase of the cycle relates to rainless periods, after natural 
surface storage and most channel storage have been depleted and when 



stream flow is maintained by outflow from natural subterranean storage. 
Figure XId- 1 shows an idealized cross section of a stream valley in a 
humid area toward the end of a rainless period with no melting snow or 
ice or artificial storage. 

During such a rainless period stream flow may be maintained for long 
periods by discharge of water iB) from the zone or zones of saturation into 
stream channels. Various terms such as “effluent seepage,” “base flow,” 
“sustained flow,” or “ ground-water flow” have been used to designate 
this outflow from subterranean storage. A ground-water table (X) as 
shown in Figure XId-1, is most commonly associated with valley-floor 
areas. In mountain areas or under steep slopes there may be no con- 
tinuous water table, flow in stream clannels draining such areas being 
maintained from gravity water, either in perched layers with water tables 
at various levels or in rock interstices. In arid regions there may never 
be a water table or perched layers of water tributary to stream channels. 

1 Hydraulic engineer, Geological Survey, United States Department of the Interior, 
Washington, D. C. 
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Consequently, many of the streams are ephemeral and flow only during 
periods where there is runoff from surface sources. 

The drainpig out of base flow at B with little or no replenishment 
results in a gradual lowering of the water table from X to Xi. When the 
water table drops below the channel or all the free gravity water has 
drained out of the rock interstices, stream flow ceases — a condition that is 
common in subhumid, subarid, and arid regions but occurs in humid 
regions only at the heads of the stream branches and after prolonged 
droughts. The gradual lowering of the water table results in an increase 
in subterranean storage capacity represented by the specific yield in the 
zone between X and Xi, and similarly the draining of the rock interstices 
results in an increase in storage represented by their total volume. 

If there were no other discharge of ground water except by percolation 
toward the stream and discharge into the stream at B, the stream would 
continue to flow indefinitely at a constantly diminishing rate, but gener- 
ally the ground water is also moving toward other outlets not in this cross 
section. Moreover, in addition to disposal of water by stream flow during 
rainless periods, evaporation is taking place from the surface of the stream 
at E; and from water in the zone of aeration Ei; and also from the zone 
of saturation where the ground water is near the surface, so that the 
capillary fringe (represented in the figure by dots above the water table) 
will lose water by evaporation. 

In addition water is lost by transpiration from plants, the roots 
of which penetrate the zone of aeration T or, where depths are shallow, 
the zone of saturation or overlying capillary fringe- Ti. 

The reduction in the amount of water in the zone of aeration, from 
the land surface downward, through evaporation and transpiration and 
possibly by downward percolation to the zone of saturation, results in 
an increase in the amount of subterranean storage capacity represented 
by the volume of water required to bring the zone of aeration back to 
field moisture capacity. 

If snow, ice, or frost is present and the air and ground temperatures 
are below freezing, the phenomena described remain essentially unchanged. 
If the temperatures are above freezing, there is a release of water from its 
storage in the form of snow, ice, or frost, and the water thus released will 
be disposed of in the second phase of the runoff cycle as described below. 

If the first phase of the cycle were not interrupted, it would eventually 
lead to the drying up of all the surface streams. Generally, however, 
it is terminated by rainfall and melting of snow before the larger streams 
cease flowing, as is represented in Figure XId-2. 

SECOND PHASE 

The second phase of the runoff cycle marks the end of the rainless 
pez’iod and relates to an initial period of rain. 
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Figure XId- 2 shows various hydrologic phenomena in the idealized 
cross section shortly after the beginning of a rain (P)j assumed for the 
purpose of discussion as being of uniform light intensity. Part of the 
precipitation falls directly on streams and becomes an immediate incre- 
ment to stream flow (C) . Part of the rain is intercepted by vegetation ( F) . 
Part of the rain reaches the land surface (D) and infiltrates into the soil 
or is temporarily retained in surface depressions. The part that infiltrates 
(represented in Figure XIi>-2 by dots under the land surface) results in a 
gradual increase of water in the zone of aeration (A). If the natural 
storage (field moisture capacity) in the zone of aeration is not satisfied, 
there will generally be no appreciable increase in the amount of water 
in the zone of saturation. 

i m' I i i I I I r i i I 1 1 I d 1 I 1 



During the initial period of uniformly light rain interception and 
infiltration are functioning to such an extent that there is little if any 
surface or overland runoff (0) in the basin except from roads, buildings, 
impervious areas, and stream surfaces. Evaporation and transpiration 
take place to only a slight extent. 

Movement of ground water into the stream channels (5) may or may 
not continue, depending on whether or not the first phase continued 
until stream flow ceased. Discharge of ground water by transpiration 
will be sharply decreased, because there is less transpiration during 
rainy or cloudy weather and because the recently acquired soil moisture 
will in part replace the ground-water supply. 

If snow is present during the second phase, it will absorb part of the 
falling rain and through its storage effect delay the beginning of the next 
processes of the runoff cycle. If frost is present at a high moisture content 
it will reduce infiltration and increase surface runoff; if the ground is 
frozen at a low moisture content the general effect of the frost will be to 
increase the infiltration. The amount of water available for runoff will 
be augmented to the extent that thawing releases water stored in the snow, 
ice, and frost. 
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THIRD PHASE 

The third phase of the runoff cycle is assumed to be associated with a 
continuation of rain at varying rates of intensity. 

Figure XId-3 shows phenomena in the idealized cross section under 
varying rates of rainfall after an initial rain of uniform light intensity. 
As the rain (P) continues the capacity of the vegetation (V) to hold water 
is attained and the additional rain reaches the land surface and becomes 
a source of runoff. The capacity of the surface depressions (D) is reached, 
and additional inflow to the depressions is equaled by outflow — either 
as overland runoff (0) or by infiltration (/). Infiltration (/) continues 
in all areas of pervious soil. 

I [ I I I , 1 i I ■' 1 I I 1 I I i " 1 



When the net rate at which the w'ater reaches the land surface exceeds 
the infiltration rate overland runoff (0) occurs. This runoff may or may 
not reach defined stream channels, depending on the absorptive or reten- 
tive capacity of the land surface over which it flows on its way toward 
the streams. 

During the rainfall period there is a general increase of water in the 
upper part of the zone of aeration, especially in the root zone, which 
suffered greatest depletion and is nearest the new source of supply (A to 
Ai). When the deficiency of field, moisture in the root zone has been 
satisfied water begins to move downward to the water table. If the 
rain continues the replenishment of the zone of saturation continues 
and the water table rises (from X to Xi in Fig. XId-3) . The rise in the stage 
of ground water from X to Xi depends on the amount of water that reaches 
the water table and the effective porosity, or specific yield, of the rock 
material that becomes saturated. 

During the rainfall period there may be subsurface storm flow (S) 
into the stream channels from water that has infiltrated to parts of the 
zone of aeration where layers of relatively low permeability intercept 
or retard downward movement to the water table. 
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If the stream channel was dry prior to the rainfall period, the rise 
of the water table may be sufficient to restore a normal slope in the water 
table toward the stream channel and thus to restore groundwater discharge 
into the stream. If the stream channel was not dry the net effect of the 
ground-water recharge during the rainfall period is to increase the hydrau- 
lic gradient or slope of the water table, and thus to increase the rate of 
discharge of ground water into the stream channel. However, if the 
stream rises rapidly its surface may temporarily be above the adjacent 
water table. The flow of ground water into the stream may then be 
stopped and water may seep from the stream into the adjacent formation, 
to be returned to the stream during its recession. This is sometimes called 
bank storage. 

Evaporation and transpiration take place at a very low rate during 
a rainfall period, and the rain that falls on the stream surfaces is a direct 
increment to stream flow. 

If snow is present during the third phase and its capacity to retain 
rain has been reached, the additional rain will become a source of runoff, 
augmented by the release of water resulting from a breakdown of the snow 
cover. To the extent that frost is present, the passage of water into 
the soil is retarded and runoff is increased. When frost leaves the soil 
there is generally a brief period of very rapid ground-water recharge, 
which at once diminishes the overland runoff and often also the sub- 
surface storm flow but increases the flow of the streams in subsequent 
periods through ground-water discharge. 

FOURTH PHASE 

The fourth phase of the runoff cycle assumes a continuation of rainfall 
until the condition is approached when all available natural storage has 
become utilized. 

As the rain continues unabated, with the storage capacity of the 
surface depressions, the interception capacity of vegetation, and the 
moisture capacity of the soil fully reached, infiltration probably takes 
place at a rate about equal to the rate of transmission of water through 
the zone of aeration either to the water table or into stream channels as 
subsurface storm flow. 

Under some conditions the subsurface storm flow may reach the 
stream channels almost as promptly as the overland runoff, especially in 
areas where layers of relatively low permeability prevent or greatly retard 
downward percolation and divert infiltrated water back to the surface or 
into the stream channels. 

As the rain continues the water table rises persistently until it may 
reach the land surface or the limiting levels so that ground-water outflow 
equals the maximum possible rate of recharge, and all further rain results 



512 


HYDROLOGY 


in direct increment to runoff. Such an extreme peak in the ground-water 
storage is probably never fully reached but it is approximately reached in 
flat swampy areas, such as those of the Southeast, after periods of very 
heavy and prolonged rainfall. 

The effects of snow, ice, and frost during the fourth phase are similar 
to those described for the third phase. If the snow melts faster than it 
falls, it may cause the rate of runoff to exceed the aggregate rate of 
precipitation as rain or snow. On the other hand, if the weather turns 
cold and there is snowfall without melting, there is surface storage of 
snow, the stream flow diminishes, and there may also be depletion of 
ground water as a result of ground-water discharge without corresponding 
recharge. 

FIFTH PHASE 

The fifth phase of the runoff cycle occurs when the rain has ceased but 
sufficient time has not elapsed for the channel storage and surface reten- 
tion to have become depleted to the stage that characterizes the first phase. 



Figure XId-4 shows the hydrologic phenomena in the idealized section 
shortly after the rain has ceased. Evaporation is then taking place at 
an active rate from all water held in surface depressions and retained on 
trees or other vegetation and from the soil moisture. All the vegetation 
is transpiring water. Evaporation and transpiration are shown by the 
symbols E and T in Figure XId-4. Water held in surface depressions or 
on its way over the land surface to stream channels is infiltrating (7). 
Water in the zone of aeration is reaching the water table (7?) or the stream 
channels (S). Stream flow is being sustained by draining out of storage in 
stream channels, subsurface storm flow, and base flow or ground-water 
discharge. The water table is rising or falling, depending on its peak stage 
and on the amount of water that is still draining out of the zone of aeration. 

To the extent that temperatures are below freezing, the phenomena 
are not materially modified by the presence of snow and ice. When the 
temperature is above freezing, the net effect of snow and ice is to prolong 
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this phase by the time necessary for the depletion of the snow and ice 
storage. 


MODIFICATIONS OF THE CYCLE 

As Snyder [10] has pointed out, over a basin of considerable size with 
differing conditions as to slopes, vegetative cover, soil, and geology, the 
processes that have been described are not all synchronized, and each 
process differs in magnitude in different parts of the drainage basin. 
Also, as Hoyt [4] and Langbein [5] state, certain of the phenomena may be 
more outstanding in some drainage basins than in others, depending on 
the extent to which the physiographic and edaphic features of a drainage 
basin have been developed by the geologic and climatic history of the 
particular province in which it lies. 

In this outline the processes relating to the groundwater have been 
greatly oversimplified. The movement and discharge of the ground water 
are complicated processes, determined by the complex geologic structure. 
Some of the ground water is not discharged under water-table conditions 
but under artesian conditions, which may cause perennial and relatively 
constant discharge that is not much affected by recurring periods of rainy 
and fair weather and therefore constitutes a base flow in the truest sense. 
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XlE. THE UNIT HYDROGRAPH METHOD 
Leroy K. Sherman ^ 


INTRODUCTION 


* The unit hydrograph method is a procedure to derive the hydrograph 
of runoff due to any amounts of effective or excess rainfall. The method 
was first presented by Sherman [11] in 1932 and since then has been 
improved and supplemented by the work of Bernard [1], Horner and 
Flynt [5], Hoyt [7], and others [3, 8]. 

The unit hydrograph is the hydrograph of surface runoff (not includ- 
ing ground-water runoff) on a given basin, due to an effective rain falling 
for a unit of time. The term “effective rain” means rain producing sur- 


TIME. IN THOUSANDS OF SECONDS 



Fig. XIe- 1. — Proportionality of unit hydrographs. 


face runoff. The unit of time may 
be one day or preferably a fraction 
of a day. It must be less than the 
time of concentration. 

The unit hydrograph method 
takes cogniisance of the facts 

(a) That peak and other runoff 
rates are materially affected by 
variations of intensities of rainfall 
during a storm, that the single 
average rate of rainfall for the 
period of a storm (as commonly 
used) is not in accord with the 


varying rain pattern that takes place in nature. 


(6) That, from a given basin, the observed hydrograph of runoff due 
to a given period of rainfall reflects all the combined physical character- 
istics of the drainage basin, including infiltration, surface detention and 


storage. It has further been found that, within close approximate limits, 

(c) The ordinates of a unit hydrograph are proportional to the total 
volume of surface runoff from such unit time rains, irrespective of the 
amount or depth of such unit rainfalls [9, 13, and Fig. XIe-1]. 

(d) The base or time duration of the hydrograph of surface runoff, 
due to an effective rain in a unit of time, is practically a constant. 

(e) The distribution of runoff, represented by the ratios of volume of 
runoff during a particular unit of time to the total runoff, is a constant for 


^ Consulting engineer, Chicago, 111, 
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all unit hydrographs of runoff derived from the same basin. This holds 
true for all storms on the basin, without regard to their intensity. These 
percentages represent what is called the distribution graph [1]. 

(/) The complete hydrograph of runoff due to a storm is composed 
of the summation of a series of unit graphs, each representing the dis- 
tributed runoff due to a rate of rainfall for a unit of time. The propor- 
tionality of ordinates (c) does not hold for the hydrograph composed of a 
series of unit graphs. 

The unit hydrograph method does not apply to runoff originating 
from snow or ice. 

The derivation of runoff from a given rainfall by this method for a 
particular drainage basin requires a hydrograph of runoff from the basin 
based on a stream flow record. It is desirable that this hydrograph be 
one that is due to a single unit-time period of rainfall, such as 24 hours or 
less. With such a record available, the method is quite simple. The 
procedure can best be presented by an example. 

DISTRIBUTION GRAPH FOR 24-HOUR UNITS 

The north Fabius River at Taylor, Mo., is a tributary of the upper 
Mississippi. The drainage area above Taylor is 930 square miles. The 
first step is to derive the typical graph of percentage distribution for this 
basin. We may use, on a basin as large as this, 24 hours as the unit of 
time. (Shorter unit's are preferable when hourly records of rain are 
available.) 

An inspection of the United States Weather Bureau Monthly Clima- 
tological Data for Missouri in 1932 gives several 1-day segregated rain- 
falls. For the 24-hour rain of September 18, 1932, the corresponding 
record of stream flow is found in United States Geological Survey Water- 
Supply Paper 730, page 154. 


Table 1. — Derivation of distribution graph 


1 

Date 

Observed 
stream flow 
(c.f.s.) 

Base 

flow 

(c.f.s.) 

i Surface 
runoff 
(c.f.s.) 

Distribution 

graph 

(percent) 

Sept. 16 

40 

40 

0 


17 

36 

35 

1 

0.1 

18 

332 

40 

292 

18.7 

19 

825 

60 

765 

49.0 

20 

355 

50 

; 305 

19.6 

21 

150 

40 

110 

7.1 

22 

77 

35 

42 

2.7 

23 

53 

35 

18 

1.3 

24 

45 

30 

15 

1.0 

25 

40 

30 

10 

.5 




1 

1,557 

100.0 
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In table 1, the “base flow,” after the day of rain was estimated as 
follows; On the 25th the observed stream flow was 40 c.f.s., and most of 
the surface runoff had passed. The base flow or ground-water outflow 
may be assumed as 30 c.f.s. By inspection of flow records at Taylor when 
there was evidently no surface runoff, it was found that the depletion curve 
ranged between about 60 and 30 c.f.s. in 7 days. This increase of ground 
water from observed 35 c.f.s. on the 17th to 60 c.f.s. on the 19th is a reason- 
able effect of infiltration from the rain. The column of base flow, though 
approximate, is within the necessary limits of accuracy for purposes of the 
distribution graph. The figures for this graph are those in the column 
“Surface runoff” converted to percentages of the total volume of runoff. 

Comparison of this distribution graph with several similar 24-hour 
graphs showed that the peak of 49 percent was fair for storms centering 
near or below the middle of the basin, but it was too high for storms 
centering on the upper end of the Fabius Basin. The relative peak per- 
centage reflects the position of the storm center in the basin. 

In a similar manner, another distribution graph was derived from the 
runoff due to a rain on April 13, 1933, as follows; 


April 1 

1.7 

April 6 

7.6 

April 11 

2.7 

2 

4.6 

7 

5.3 

12 

2.5 

3 

17.2 

8 

4.2| 

13 

2.2 

4 

34.8 

9 

3.5! 

14 

1.8 

5 

8.8 

10 

2.9 


100.0 


The average of the two distribution graphs from the storms (centering 
in the lower and upper parts of the Fabius basin) with peaks of 49.0 and 
34.8 percent, will give the distribution graph for a storm of uniform areal 
distribution or for storms centering at the middle of the basin. This 
average distribution graph is the one shown in column 5, tables 2 and 3. 

In Weather Bureau records, rainfall readings at some stations are 
taken in the evening and at other stations the following morning. Inspec- 
tion will frequently show that the separate records on the two days are 
both included in one 24-hour period. C. W. Sherman [10] gives 10 to 
13 hours as the average duration of a 1-day storm. 

APPLICATION OF THE DISTRIBUTION GRAPH TO DETERMINE RUNOFF 
FROM ANY RAINS ON THE GIVEN BASIN 

During the period from July 30 to August 12, 1932, the Weather 
Bureau records for four stations in the North Fabius Basin above Taylor, 
Mo. — Downing, Labelle, Gorin and Memphis, Mo. — gave a weighted 
average of 3.32 inches of rain for the 24 hours ending on the morning of 
July 31. For August 7 the average was 1.18 inches. Table 2 shows the 
procedure recommended for tabulating and computing stream flow from 
these rainfall data. 
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Columns 1 and 2 give the weighted average rainfall on the basin. 
There was an antecedent rain of 1.11 inches on July 25, which affected 
the stream flow on July 31. Column 4 is derived as explained hereinafter 
under the heading "Infiltration and losses.” Column 5 is the distribution 
graph derived as explained above. Column 6 is the daily runoff due to 
rain on July 25 and 31 and August 7. These figures are derived by 
multiplying the net runoff, 0.08 inch fin column 4) by each figure in the 


Table 2 . — Computed runoff of North Fahius River at Taylor^ it/o., July 25 to August 17, 1932 

[Drainage area 930 square miles] 


1 

2 

3 

4 

5 

6 

6a 

Ob 


7a 

8 

9 

Date 

Rain 

(inches) 

Loss 

(inches) 

Net rain 
(inches) 

Distii- 

biition 

graph 

(percent) 

Distributed runoff 
(inches) from 

Total runoff 

Base 

flow 

(c.f.s.) 

Computed 

stream 

flow 

(c.f.s.) 

Jul.\ 25 

July 31 

Aug. 7 

Inches 

c.f.s. 

1932 












July 25 

1.11 

1.03 

08 

4 

0.0032 







26 




18 

0144 







27 




43 

0394 







28 




IG 

0144 







29 

.12 

12 

0 

7 

0056 







30 




4 

0032 



0.0032 

80 

20 

100 

31 

3.32 

2 71 

63 

2 5 

.0020 

0.0252 


.0272 

680 

20 

700 

Aug. 1 




2 0 

.0016 

1140 


.1156 

2,880 

60 

2,940 

2 




1 4 

0011 

2700 


2711 

6,780 

60 

6,840 

3 




1.1 

0009 

.1000 


.1009 

2,520 

: 50 

2,570 

4 




1.0 

.0008 

0503 


.0511 

1,280 

40 

1,320 

5 






0252 


0252 

630 

> 30 

660 

6 






0157 


0157 

392 

20 

412 

7 

1 18 

1.09 

10 



.0126 

0.0040 

.0166 

415 

20 

435 

8 




I . . . 


0088 

.0118 

0196 

490 

20 

510 

9 






.0069 

0430 

I 0499 

1,245 

20 

1,265 

10 




... . 


0063 

0160 

0223 

557 

20 

577 

11 







.0070 

.0070 

175 

20 

195 

12 







0040 

.0040 

100 

20 

120 

13 







.0025 

.0025 

60 

20 

80 

14 







.0020 

.0020 


i 


15 







.0014 

.0014 


i 


16 







.0011 

.0011 




17 







.0010 

.0010 

i 






.81 

100 

08 

.63 

.10 

.7374 





distribution graph. Columns 6a and 6b are derived in the same manner 
from the net runoff due to rain on July 31 and August 7. The total of 
each of columns 6, 6a, and 6b, distributed runoff, in depth in inches equals 
the figures for net rain in column 4. The figures in columns 6, 6a, and 6b 
begin opposite their corresponding day of rain. Column 7 is the horizontal 
sum of columns 6, 6a, and 6b, expressed in inches, and column 7a is the 
same as column 7, expressed in c.f.s. To column 7a is added the estimated 
base flow (column 8). Base flow has been mentioned above and is further 
described by Hoyt and others [7]. Column 8 gives the computed stream 
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flow for the North Fabius Kiver at Taylor, Mo., for the period. It is in 
good agreement with the record contained in Water-Supply Paper 730. 

FLOOD RUNOFF 

On June 29, 1933, there was a weighted average rain of 5.84 inches 
on the Fabius River Basin. By means of the same distribution graph 
and procedure as given for table 2, the average 24-hour peak runoff on 
July 1, 1933, was computed as 25,800 c.f.s. The momentary peak, by 
graphic analysis, was estimated at 30,000 c.f.s. United States Geological 
Survey Water-Supply Paper 745 records the figures 26,400 and 30,300 c.f.s. 

Table 3 illustrates the application of the unit hydrograph method 
in estimating the flood due to a storm with a frequency of once in 100 years. 


Table 3 . — Computation of flood at Taylor ^ Mo., for lOO-year 6-day storm 


1 

2 

2a 

3 

4 

5 

G 

6a 

6b 

6c 

7 
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“ c.f.s, per day = inches per day X 26.88 X drainage area in square miles. 
h Peak » 50,000 c.f.s. 


Column 2 shows the rain in the 6-day 100-year storm, given in the 
report on rainfall of the Miami Conservancy District, edition of 1936. 
It is applicable to the part of northeastern Missouri in which the Fabius 
Basin lies. The largest 1-day rains were used to make up the total of 9 
inches of rain in 6 days. Slightly less runoff would have resulted with 
other grouping of daily rainfall, and the runoff would have been materially 
less on the assumption of a uniform daily rainfall. 

Column 2a is 80 per cent of column 2. That is the distributed rain 
over the 930 square miles. It is taken as 80 per cent of the high-spot 
rain of 9 inches. The distribution graph, column 5, and all the rest of 
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the procedure is the same as in table 2, except that some figures for falling 
stage are omitted. The flood due to a 100-year storm at Taylor, Mo., 
is 43,300 c.f.s. It is the average peak flow for a day. The instantaneous 
peak is 50,000 c.f.s. 


INFILTRATION AND LOSSES 

All formulas and methods for estimating runoff and rainfall require 
some expression of the relation between them. Surface runoff is the 
residual of rainfall minus losses. Infiltration and other losses vary accord- 
ing to season, temperature, and the infiltration capacity of the soil. The 
infiltration capacity is affected by antecedent precipitation. When 
rainfall data are based on self-recording gages, giving intensities and 
duration, the problem is capable of direct and definite solution. Such 
gage records are particularly essential for small drainage areas. iMost of 
the available precipitation records of the United States Weather Bureau 
are given only for 24-hour periods. This 24-hour record can be used 
directly in the unit-hydrograph method only on areas greater than about 
500 square miles because variation in rain intensity and duration is partly 
equalized by overland and channel flow and storage. If there is a record- 
ing rain gage on or near the basin, then the unit time can be taken as some 
fraction of a day, and the daily rain prorated. This method will give 
accurate results. 

When only a daily record of precipitation is available, without hourly 
distribution, as illustrated in table 2, it does not show whether the rain fell 
in 24 hours, 3 hours, or whether it was continuous or intermittent. It is 
therefore impossible to apply hourly rates of infiltration to that record. 
The infiltration loss that may apply to any specific 1-day depth of rainfall 
is known to be greater in August than in April. The loss is known to be 
greater after a dry period than after a wet period. The loss for a particular 
24-hour total rain record without a recorder cannot be precisely forecast, 
but the normal or average loss can be estimated. A method of evaluating 
net rainfall — that is, the portion of the rainfall that produces surface 
runoff — by the infiltration theory has been introduced recently by Sher- 
man [14]. 

DIAGRAM OF RUNOFF 

When the ratios of runoff to 24-hour rainfalls are platted in groups 
for a given month and given depth of rainfall, it will be found that the 
average figure for each group bears a consistent relation. This relation 
is better if' cognizance is taken of antecedent rainfalls. 

The author has platted such a diagram showing runoff-rainfall 
relation (Fig. XIe-2). It is applicable particularly to certain streams 
in Indiana, Illinois, and eastern Iowa and Missouri. Results from its 
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EQIVALENT INCHES OF 24 HOUR RAINFALL 



Fia. XIe- 2. — Relation of runoff to rainfall. For use in derivation of normal seasonal runoff 
when only 24-hour undistributed precipitation records are available. Data from records of certain 
streams in eastern Missouri and Iowa, Illinois, and western Ohio. To allow for the effect of ante- 
cedent rains add to the given rain the appropriate percentages of the antecedent rains shown below. 
This will give the equivalent inches of 24-hour rainfall for use in the diagram. 
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use will be good, fair, or poor, dependent on whether the particular 
problem for which it is used is one of average or abnormal infiltration. 
This diagram is similar in principle to the author’s original diagram in the 
Engineering News-Record of April 7, 1932. The device is presented as a 
means for estimating the most probable amount of loss in infiltration when 
only 24-hour rainfall records are available. 

In the example represented in table 2 figures in columns 3 and 4 
were derived from the diagram as follows; The 24-hour distribution of 
rain on the Fabius Basin is unknown. Therefore it i.s necessary to use an 
estimated normal runoff with the aid of the diagram. The rain on July 
31 was 3.32 inches. The infiltration capacity was affected by two ante- 
cedent rains. Using the empirical rule for effective antecedent rain, 
add to 3.32 inches, 0.12 X 0.8 = 0.10 inch for rain on July 29. Also add 
1.11 X 0.4 = 0.44 for rain on July 25. This total is 3.86 inches. On 
the diagram for 3.86 inches rainfall and date as the later part of July, 
read “ratio runoff to rainfall” as 19 per cent. Then 3.32 X 0.19 = 0.63 
inch as the total depth of net rainfall on July 31. Place 0.63 in column 
4. All the other figures in column 4 were derived in the same manner. 
Although it is not essential in this particular problem, it is desirable to 
enter “losses” in column 3. 

Whenever the distribution of 24-hour rain is known from a self- 
recording gage in the basin, then column 3 of losses is derived first. Under 
such conditions, this type of diagram will not be used, as a better method 
is available and will produce more accurate results and a shorter unit 
period can be applied. (See chapter VII, on infiltration.) 

DERIVATION OF DISTRIBUTION GRAPHS 
FROM COMPOUND HYDROGRAPHS 

Some of the best distribution graphs are derived from hydrographs 
of large storms having durations of two, three, or several unit periods. 
Many ingenious procedures have been devised and used for obtaining unit 
hydrographs out of such composite storms. Examples of the procedure 
have been given by Collins [4], McCarthy [8] and Snyder [15]. The 
writer has used a procedure similar to the one described by McCarthy. 
Figure XIe-3 shows, in heavy lines, the hydrograph of the Washita River 
at Durwood, Okla., for the storm of March. 26-28, 1938. A chart is 
given showing the volume of rain excess in inch-miles for the five 12-hour 
periods of this storm. Period 3 had no excess precipitation. The 
observed hydrograph, therefore, is composed of four unit hydrographs. 
The relative volumes, or the relative peak ordinates or other ordinates, for 
each .of these four unit hydrographs will be in proportion to the four given 
volumes of rain excess. The time from the peak, or a given point in the 
first unit hydrograph, to the time of the peak or similar given point in the 
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fifth unit hydrograph is 48 hours. Draw any set of diagonal lines with 
the beginning in the morning, say, of March 30, and ending 48 hours later, 
on April 1, on the descending limb of the observed hydrograph. This is 



line ah. Measure ab with any scale. Prorate the distance ah into four 
parts, 1, 2, 4, and 5, each' in proportion to the respective volumes of 
rain excess. Repeat this for lines similar to ab throughout the recession 
limb of the observed hydrograph. Now, starting at or near the diagonal 
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corresponding to ab nearest the peak of the observed hydrograph, draw 
the vertical lines 1, 2, 4, and 5, each of these lines being in proportion to 
the given four volumes of inch-miles. On the rising side of the observed 
hydrographs, mark the beginning of the various 12-hour periods, as shown. 
The dotted lines of the superimposed unit graphs are continued by eye to 

MAY, 1923 



meet the lines heretofore platted by segregation along the descending 
limb of the hydrograph. 

The ordinates of each of these four unit hydrographs will give the 
approximate form of the unit hydrographs, or the distribution graph when 
referred to a horizontal base line. Select the largest unit hydrograph, 
No. 5. Before adopting it, check the graphic derivation by applying the 
customary summation procedure to the given quantities for the five 
12-hour periods of rain excess. Revise the preliminary distribution graph 
devised by the graphic process, so that the horizontal lines of summation 
are in reasonable accord with the figures for the observed hydrograph. 




524 


HYDROLOGY 


In this manner the 12-hoTir distribution graph for the Washita River 
above Durwood was derived as shown. 

In the accompanying hydrograph for the Tittabawassee River at 
Freeland, Mich. (Fig. XIe-4), the two main overlapping hydrographs A 
and B can be segregated graphically as shown by the dotted line A and 
B prior to any tabulatioh work The following distribution graph for the 
15 days was derived from this figure; 
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This distribution graph, applied to the Miami Conservancy District 
6-day 100-year storm, gives for the 24-hour peak runoff at Freeland 
(drainage area 2,530 square miles) 47,600 c.f.s. The instantaneous peak 
is about 58,000 c.f.s. 


TIME OF UNIT HYDROGRAPHH 

Selection of a proper time period for unit hydrographs is important. 
For areas over 1,000 square miles use 12-hour units in preference to 24 
hours. For areas between 100 and 1,000 square miles use units of 6, 8, or 
12 hours. For areas of 20 square miles use 2 hours. For smaller areas 
use a time unit of about one-third or one-fourth of the approximate 
concentration time of the basin. 
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xif. prediction of runoff 


Royal W. Davenport’ 

The constitution of the flow of rivers is complex and has responded 
slowly to efforts to discover any order or system. However, through 
critical scientific study of an increasing quantity of basic observations, 
considerable order and system have been disclosed in the relations between 
runoff and the meteorologic factors and physical characteristics peculiar 
to drainage basins. This knowledge is utilized in a variety of ways, nota- 
bly in forecasts of stream flow. Such forecasts range from a few hours 
to a few days when rainfall is the source, up to a few weeks, in respect to 
total volume, when snow on the ground is the source. Considerable 
effort has been expended in attempting to define possible progressive cycles 
or systematic sequences of runoff that would furnish a basis for predicting 
the general conditions as to quantity of runoff weeks or even many months 
before the occurrence of the precipitation. 

The prediction of stream flow by the definition of cycles is based upon 
an idea that the runoff records may display some conformity to cyclic 
occurrence and that the period and amplitude of such cycles can be deter- 
mined with sufficient definiteness to permit their extension for some time 
in the future beyond the influence of known meteorologic and physical 
factors in order to show the stream flow to be expected. The situation is 
similar with respect to the application of evidence of systematic sequences. 

Runoff has its source in precipitation, but viewed statistically it 
represents only what remains of precipitation after progress through the 
diverse processes of the hydrologic cycle and the subtractions by evapora- 
tion both directly and through the agency of vegetation [9, 12]. Both 
precipitation and evaporation are fundamental meteorologic phenomena, 
and the quantity of runoff is primarily the residual product of their inter- 
action. It is common knowledge that periods of high or low runoff tend 
to conform respectively to periods of high or low precipitation. More- 
over, under conditions of uniform precipitation periods of low runoff tend 
to be associated with periods of high evaporation, and conversely. It is 
not unreasonable to suppose, therefore, that if regularity of period and 
amplitude can be detected in the cycles of precipitation and other meteor- 
ologic data, a similar regularity might be reflected in cycles of runoff. 

^Hydraulic engineer, Chief, Division of Water Utilization, Geological Survey, United 
States Departnaent of the Interior, Washington, D. C. 
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Henry [6] discusses periodic fluctuations in climate and meteorologic 
effects of solar variability and briefly summarizes investigations in these 
fields. He concluded: 

There seems not to be any definite evidence from the 100 years’ instrumentaJ observa- 
tions available for examination that there are changes of a progressive or a cyclic character 
in the climate of any part of the earth. 

Other results of investigations of periods and cycles in meteorologic 
data are briefly described by Weightman [11], who gives references to 
studies of cycles in droughts, temperature, precipitation, atniospheric 
pressure, and sunspots and makes the following statements concerning 
the results : 

Investigators along these lines have produced some very interesting general relation- 
ships; but from the practical standpoint of predicting future occurrences in such a way 
as to be of commercial advantage, little has been accomplished and little has been claimed 
by conservative workers. From a consideration of the results obtained, investigations of 
cycles have not produced encouraging results. 

On the basis of studies of the periodicities of solar variation Abbot [1] 
reports the discovery of corresponding periodicities in weather, integrally 
related to a 23-year cycle. He finds the effects of this cycle in the records 
of the levels of the Nile and of the Great Lakes. 

Meteorologic literature shows that the search for periodicity and 
cycles is continuing, but apparently the results are not substantially more 
significant in a practical sense than those summarized by Weightman. 
The Monthly Weather Review, Supplement 39, “Reports of critical 
studies of methods of long-range weather forecasting,” contains a group 
of papers by several authors, covering the work of investigators pertaining 
to various aspects of laws and principles underlying weather changes. 

The Scripps Institution of Oceanography, La Jolla, Calif.^; has for 
several years, through Dr. George F. McEwen, professor of physical and 
dynamical oceanography, issued in mid-October indications of precipita- 
tion during the approaching rainfall season for a large part of the Cali- 
fornia coast and the probable temperature trend in southern California. 
The forecast is based upon a derived empirical relation between sea- 
surface temperatures during the summer and the precipitation of the 
following rainy season. McEwen also applies such deductions as can 
be made from discernible evidence of cycles in the data. Experience in 
the application of the method indicates that the forecast of precipitation 
will be accurate 75 to 80 percent of the time in respect to showing an 
excess or deficiency in relation to the average. The following is a quota- 
tion of McEwen’s conclusion' [8] with regard to the problems of weather 
forecasting: 
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In dealing with so complex a problem as long-range weather forecasting, the writer 
has proceeded along lines shown to be most promising by past experience, at the same time 
keeping an open mind for all possible methods of attack. It appears desirable to hold a 
forecasting system in a “fluid” state rather than in a rigid, unchangeable one. Here on 
the Pacific coast, where every clue as to the probable nature of the weather to be expected 
is so eagerly sought, it is imperative that careful unbiased consideration be given to the 
important question of evaluating the methods used. All interested hope that the com- 
bined efforts of those meteorologists who enter the field of long-range forecasting will meet 
with success commensurate with the increasing demands for such service. Finally, 
attempts to make long-range forecasts for one region continue to indicate that weather is 
not simply a local phenomenon having purely local causes. The value of indices relating 
to conditions far from the region for which forecasts are made is being demonstrated; 
thus long-range weather forecasting is necessarily a large-scale cooperative undertaking. 
Kesults commensurate with the increasing demand for such forecasts can evidently not 
come from only a few indivfiduals giving part time to the problem. 

Notable studies of cyclic variations or systematic sequences in annual 
stream flow have been made by Streiff [10], and the results are presented 
in a series of papers and discussions. In large hydroelectric projects, 
where through storage of the stream flow there is a high degree of utiliza- 
tion of the available water supply, there may be a strong commercial 
incentive to explore possibilities for forecasting the water supply as far 
in the future as possible. Successful prediction would afford a basis for 
planning the provision of adequate auxiliary or supplemental power by 
fuel plants or otherwise. 

Streiff gives results to show that he has been able to predict runoff 
with significant reliability 2 years or more in advance. He states in 
respect to cyclic variations in annual stream flow: 

Systematic sequences* are strongly evident on the great continental plains but are less 
regular in mountainous and coastal regions. But even in those areas nature, though 
infinitely complicated, vvill permit the separation of systematic sequences from the tangled 
mass of available data. In time it will be possible to predict the characteristic trends of 
stream flow with an accuracy not possible at present. 

Other studies of the correlation among sun spots, rainfall, tree rings, 
and annual runoff have been made by Girand [4]. 

Several interesting studies of the relation between the growth of trees 
as shown by tree rings and precipitation or runoff have been made, of 
which those by Hardman [5] and by Davis and Sampson [3] are typical. 
These studies involve the complexity that exists because qualitative 
moisture values that are significant in producing tree growth may have 
little relation to quantitative moisture values expressed as annual pre- 
cipitation or annual runoff. 

The causes which conceivably may influence a cyclic type of occur- 
rence in the meteorologic factors that are basic to the determination of 
quantities of river flow seemingly must have a comprehensive source, 
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whether such source is terrestrial or extraterrestrial. The idea has been 
advanced by Teisserenc de Bort that certain well-defined centers of high 
and low pressure or “centers of action” may oscillate to and fro over 
considerable distances and in this way cause long period changes in 
weather [2]. 

The thought arises that if cycle- or sequence-producing causes oper- 
ate in a comprehensive manner they may be associated with runoff results 
in such a way that the results at a given time, although varying widely 
on different rivers as to position in sequence, relative magnitude, and 
other aspects of cyclic occurrence, would nevertheless, when viewed 
together in a panoramic way, reflect an interrelation consistent with any 
associated basic cycle or sequence. Such relations might consist either 
of systematic repetitions of the same combination of conditions on different 
rivers or of a systematic march or oscillation across the earth’s surface of 
a certain phase of a cycle (similar to the variation of the time of the 
maximum secular magnetic declination). If these relations exist, the 
prospect for the discovery and definition of the cycles will be more favor- 
able the wider the areal representation of the river-flow records that are 
studied. 

More than 40 years ago Horton [7] made the following general obser- 
vation with regard to rainfall records : 

Many long records show no regularly recurring cycles, but in all cases which the 
writer has observed two or more successive dry or wet years occur with much greater 
frequency than would be the case if the sequence of wet or dry years were purely a matter 
of mathematical calculation. As a safe conclusion, it may be said that certain meteoro- 
logical conditions underlying rainfall tend to recur in more or less obscure cycles. It 
seems not improbable that the causes of such cycles are general in their application and in 
their apparent effects in many instances are marked by local or secondary conditions. 

This statement expresses reasonably well the consensus of present 
conservative opinion with respect to cyclic behavior of stream flow. 

The attacks upon the problem of predicting river flow have produced 
very interesting results and have yielded methods of analysis which seem 
to those who have developed and used them to be valuable and helpful. 
Apparently one of the weaknesses of these methods has been their depend- 
ence on personal judgment as contrasted with rigorous mathematical 
procedures by which the same results would be obtained by any analyst. 
Moreover, the question seems to have arisen in the minds of some hydrol- 
ogists whether the magnitude of the systematic cyclic element so far as 
it exists in runoff data may not be so small as to be obscured by other 
elements that behave in a fortuitous and unsystematic way. The present 
better-informed attitude appears to be to give full and sympathetic 
encouragement to investigators in this hopeful field of research. 
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XlG. FLOODS 


Clarence S. Jarvis ^ 

A flood is a relatively high flow as measured by either gage height or 
discharge rate. Gage readings indicate levels of the water surface at 
measuring stations. Whenever the stream channel in an average section 
is overtaxed, causing overflow of adjacent land definitely outside the usual 
channel boundaries, the stream is said to have reached flood stage. Rela- 
tive magnitudes of flood peaks may be expressed in various terms, 
including either height above low water, height above flood stage, or the 
corresponding rate of discharge. 

Obviously the distinction between normal discharge and flood flow 
is determined by the usual discharge habits of the stream. A discharge 
constituting only a minor flood or even the average flow of such streams 
as the Delaware, Susquehanna, and Ohio Rivers or of a main tributary 
might be classed as a notable flood, far exceeding the maximum recorded 
on streams draining basins of equal size in semiarid or desert regions 
[63, app. I, pp. 393-426]. Thus 1.5 c.s.m. (cubic feet per second per 
square mile) may be equaled or exceeded by the average yield in rivers 
of the Appalachian region, whereas such a yield is seldom if ever attained 
at several stations on the lower Colorado River, Arizona, the lower Snake 
River, Idaho, or some of the larger streams of the Great Basin, such as 
the Sevier and Humboldt Rivers. Furthermore, any flow of sufficient 
volume or duration to impede trafiic across an arroyo or other intermittent 
drainage channel may locally be called a flood, even though the yield per 
square mile of drainage area may be comparable to low or average flows 
in humid regions. 


CAUSES OF FLOODS 

Flood flows are normally the direct or indirect result of precipitation, 
even though the runoff may be delayed or modified by the processes of 
freezing and thawing, surface inequalities or indentations, interception 
on vegetal cover or through infiltration, underground flow, and temporary 
storage in or release from reservoirs through either natural or artificial 
means of detention and regulation. 

Owing to differences in infiltration resulting from variations in initial 
soil moisture and the effects of land use, tillage, vegetal cover, and leaf 

^ Hydraulic engineer, Soil Conservation Service, United States Department of Agriculture, 
Washington, D. C. 
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mold or forest litter, and owing to differences in geologic structure, a given 
rainfall may produce only a moderate rise in the streams of one area and 
flood conditions in those of another area; and owing to the varying mois- 
ture content of the soil the same amount of rainfall on a given area may 
produce a greater rise in the stream at one time than at another. More- 
over, a gentle rainfall extending over several hours or days may result in 
only slight increase of stream flow, whereas the same amount of precipi- 
tation in a few minutes or hours may produce high flood crests of brief 
duration. For example, during the disastrous flood on Monument Creek 
at Colorado Springs, Colo., in May 1935 the total volume discharged was 
only 10,000 acre-feet, but most of the water passed through the city in the 
course of 2 hours, in a channel that is normally dry most of the year and 
would have carried the entire volume in 20 hours with no ' appreciable 
damage. Obviously the torrential character of the runoff reflected both 
the steep slopes of the drainage system and the intensity of precipitation 
within most of the storm area, which ranged from 1 to 3 inches per hour 
throughout the 5-hour period of storm. Apparently the flood discharge 
at times was at least 1 inch per hour or nearly 1 cubic foot per second from 
each acre covered by the intense storm. 

The runoff characteristics of a drainage basin — ^its extremes of dis- 
charge, the duration, volume, and frequency of floods of given types and 
magnitudes — may be largely determined through analysis of adequate 
records of stream flow within the basin, or within other basins of demon- 
strated similarity in principal factors influencing runoff behavior, with 
due regard to the interrelations of these factors. Thus it is known that the 
amount by which infiltration rate and surface detention are exceeded 
determines the rate and volume of surface runoff, which generally 
constitutes the greater part of flood runoff. In the final analysis, the 
composition, texture, and surface conditions of the soil, including the 
t 3 q)e and .density of vegetal cover, antecedent moisture, and geologic 
structure, determine the rate of infiltration, the available storage capacity, 
and consequently the proportion of rainfall residue appearing as surface 
runoff. 

Apart from direct relations with rainfall, the sudden release of water 
constitutes an immediate cause of floods. It may be due to rapid thawing 
of ice or snow on frozen ground, or to such thawing accompanied by rain- 
fall, or to the release of stored water through failure of a reservoir dam 
or the breaking of log, ice, or debris dams. Occasionally damaging floods 
result merely from opening the outlet and flood gates of a storage reservoir 
to full capacity so suddenly as to produce well-defined transitory waves. 

A study of the complicated network of drainage channels within a 
river system will often disclose substantial tributaries meeting the. main 
channel almost in pairs, or in groups discharging within a short reach of 
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the main stream. Such conditions are favorable to occasional coincidence 
of flood crests, but close synchronization is generally broken by variation 
in storm patterns and in their direction as well as their velocity of motion, 
in distances traversed by the runoff, and in surface and channel gradients, 
cross section, and roughness, and therefore in channel velocities. 

An analysis of flood phenomena pertaining to the principal river 
systems of the United States and other countries shows the important 
part played by alternation of flood peaks from different parts of the drain- 
age basins, where synchronization would undoubtedly have produced 
record-breaking stages, with proportionately high property damage and 
probable loss of life. At infrequent and thus far practically unpredictable 
intervals the timing of flood crests on the tributaries may be such as to 
produce in the trunk stream about the maximum peak commensurate with 
the rainfall volume and runoff rate — that is, proportional to the excess of 
rainfall over the infiltration and other detention factors. It is against 
this rare occurrence that provisions are ordinarily planned in flood-pro- 
tection programs, on the theory that proportional benefits will accrue 
during the recurrent stages of lesser magnitude. 

Now that laboratory models have assumed prominence in the solution 
of many technical, research, and construction problems, it seems appro- 
priate to deal with natural models and sample plots in the same manner. 
It is interesting to observe the distance traversed along a beaten path by 
a few gallons of water from an overturned pail and to compare the behavior 
of a like quantity applied to outcropping fractured or stratified rock, to a 
well-rooted grass plot, or to a soil surface covered with a mulch of leaf 
litter or other organic material. Even when such a mulch is saturated it 
may be delivering a measurable flow by gravity, keeping pace with infiltra- 
tion into the underlying soil and prolonging that process between showers 
to promote local utilization with proportionate decrease in surface runoff. 
Such elementary demonstrations show the differences in runoff character- 
istics, and therefore in flood potentialities, of different drainage basins 
and also of the same basin under different surface conditions. 

EUNOFF AS INFLUENCED BY VEGETAL COVER 

Figure XIg- 1 summarizes the results of observations during a 4-year 
period of record in South Africa and portrays the fairly close coordination 
between overland or surface runoff and soil loss, the influence of natural 
veld sod, whether grazed, burned, or intact, and of other protective cover 
in stabilizing the soil and conserving the water. Keeping in mind the 
fact that these graphs represent 4-year averages, we should expect a con- 
siderable range of values both above and below the eroded soil and runoff 
as plotted on the figure. Furthermore, it seems advisable to consider 
that very steep, barren land, which would probably not be included in 
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experimental plots, nevertheless constitutes an important element in 
both the genesis and assembly of flood volumes and in their attainment 
of peak flows. The soil losses and runoff from such tracts or strips of 
deeply eroded, precipitous "badlands” should be con.siderably greater 
than the maximum shown for agricultural plots. It i.s therefore conceiv- 
able that under extreme conditions favorable to high surface runoff the 
percentage might be more nearly double the maximum shown in Figure 
XIg-1 and thus approach equality with the rainfall causing it, or 100 per- 
cent yield, as a possible limit. Between the 0.5 percent of rainfall appear- 
ing as surface runoff from the plot of "natural veld intact” (Fig. XIg-1) 
and the limiting value of nearly 100 percent, a.s above outlined, there is a 
range which suggests the use of a percentage scale in comparing maximum 
runoff yields from various river systems and their component tributaries — 
a device which has been approximated and submitted to practical test.s 
under the title "Myers scale,” as described below. This was developed 
by modification and extension of the first known flood formula by an 
American author, Maj. E. D. T. Myers, chief engineer of a railway in 
Virginia, shortly after the Civil War [23, p. 994]. 

FLOOD FORMULAS 

Perplexed and somewhat discouraged by divergent results from exist- 
ing flood formulas, each seemingly designed for a restricted region, the 
writer undertook the assembly of the most authoritative, up-to-date, and 
representative flood data in this country, supplemented by samples from 
foreign records. He then plotted this information on a single logarithmic 
chart, and superimposed thereon the most widely known and seemingly 
meritorious flood formulas, each one shown by its limiting curves, wher- 
ever a range of coefficients was provided. Close study will demonstrate 
that the Myers formula as there modified is best suited for expansion and 
development to cover the entire field [23, PI. IX, fig. (>]. The original 
formula was 

a = C VA 

in which a is the cross-sectional area of required waterway, in square feet, 
A is the area of the drainage basin, in acres, and C is a coefficient ranging 
from 1 to 4, which is indicative of the flood potentialities. Or, trans- 
forming the area into square miles, M, and assuming that the average 
velocity of flow through the waterway is 10 feet per second, so that 10 X a 
represents Q, the discharge in cubic feet per second (c.f.s.), we get 

Q = 10a = IOC X 25.3 = C X 253 VM 
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Using 40 for C, and then neglecting the final digit of 253, we get 

Q = 10,000 VM 


for the upper range, representing 100 percent; or 

Q = lOOp \/ M 


in which p is the numerical percentage rating on the Myers scale. Also, 
if q is the yield in cubic feet per second per square mile (c.s.m.). 


therefore 


Q = qM = lOOp a / M 


q = lOOp 


VM 

M 


lOOp 

\/M 


and 

q VM 

or, with ^ substituted for q, 

_ Q _ 
^ “ 100 Vm 


In spite of the simplicity of the modified Myers formula as above 
outlined and its adaptability for slide-rule calculations and for extension 
over the entire field of flood flows, even though the percentage ratings 
occasionally exceed 100, notably on certain turbulent streams of south- 
central Texas [63, app. 1], this formula needs further modification to be 
applicable to small drainage areas. For many areas below 9 square miles 
or for all areas below 4 square miles it is best to employ the first powdr of 
the drainage area, instead of the square root, as exemplified by what is 
often called the "rational fortnula,” 

Q = CiA 


in which Q — rate of discharge, in cubic feet per second. 

C = a coefficient representing the percentage of the rainfall 
appearing directly as surface runoff. 
i = average rainfall intensity, in inches per hour during the 
time of concentration — that is, during the period required 
for all parts of the drainage basin to contribute their quotas 
of stream flow. 

A = drainage area in acres. 

This formula is simplified by the coincidence that for a runoff depth 
of 1 inch per hour an acre will yield approximately 1 cubic foot per second, 
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or nearly 2 acre-feet per day/ exclusive of ground- water contributions. 
A rainfall intensity of 2 inches per hour, with C equal to 0.50, might 
account for a discharge averaging 1 cubic foot per second per acre during 
a period equal to the time of concentration. If the existing condition.s 
provide unusual facilities for detention and temporary storage, the period 
of runoff should be correspondingly prolonged, with a proportional decrease 
in the average rate of discharge. 

Other flood formulas with considerable merit are presented and dis- 
cussed in United States Geological Survey Water-Supply Paper 771 [28, 
pp. 32-67]. Even though some of them may serve certain regions excep- 
tionally well, their results may all be expressed and compared to advantage 
by means of the Myers scale as above described and as illustrated in 
"Low Dams” [63, app. I]. Some of the approaches toward the evaluation 
of flood flows as there presented go far beyond the application of selected 
formulas; they amount to newly devised scientific procedures for analyzing 
the hydrometeorologic relations. The studies by the Miami Conservancy 
District relating the frequency, area, depth, intensity, duration, velocity, 
and direction of motion of storms to probable volume of runoff and peak 
discharge for each of the major storms of each region, opened new vistas 
for scientific research and analysis. Likewise, the unit hydrograph has 
done much to promote and to revolutionize the most advanced concepts 
in the hydrologic field. Finally, the use of records of rainfall intensity 
to derive the excess, hour by hour or for other time periods, beyond the 
reliable detention or other forms of depletion, including infiltration, affords 
an effective and unique approach with possibilities not yet fully realized 
or utilized. 

ANALYSIS OF FLOOD DATA 

Various methods of samphng flood data, together with either plotting 
or statistical procedure as steps in the analysis, have been employed to 
define and interpret trends, periodicities, and magnitude-frequency rela- 
tions. Whether the basic data selected are annual, monthly, daily, or 
momentary flood peaks, the point toward which all graphs are directed, 
each in its distinctive way, is the maximum possible flow. Graphs repre- 
senting various approaches to the analysis of flood records are discussed 
and illustrated in some detail elsewhere [28, pp. 58-60, 75]. 

After an array of flood data for a fairly long period has been arranged 
in either ascending or descending order, tabulated, and plotted, the 
addition of new data from time to time rarely disturbs the general-trend 
curve unless some marked change affecting infiltration, detention, and 
storage has occurred in the physical condition of the drainage basin. 
However, a short period of record may establish a curve considerably at 

^ 86,400 seconds in a day; 2 acre-feet = 87,120 cubic feet. 
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variance with that covering a long period. Thus, if a 60-year record is 
analyzed on the basis of short segments, such as 10, 15, or 20 years, the 
resulting curves may have only a general family resemblance to the graph 
covering the full period, and may serve as an effective warning against 
unqualified dependence on meager data, so well illustrated by the Ten- 
nessee River record at Chattanooga, Tenn. [28, p. 440]. 

The evaluation of flood potentialities on any area calls for the use 
of all relevant data on rainfall, runoff, and their interrelations as affected 
by the seasons, temperature, soil structure, land use, vegetal cover, storage 
and detention facilities (either natural or artificial), and opportunities for 
synchronization of maximum crests from the main stream with those from 
tributaries. Naturally, one of the first considerations is the relation of 
intensity and frequency of rainfall in the region, or for such portions of the 
drainage area as may be most productive of runoff, as this relation forms a 
dominant factor under general storm conditions. Thus, it is often a 
question whether the maximum flow will occur as the result of a local storm 
of high intensity or of a prolonged general storm, or of a succession of such 
occurrences. 

For small drainage basins in humid regions the average rainfall inten- 
sity for the periods of concentration may occasionally amount to several 
inches per hour, and the maximum runoff rate may approach the same 
limit under extreme conditions favorable to high runoff coefficients. This 
initial peak may be either augmented or reduced by the algebraic sum of 
ground-water runoff and influent seepage or storage downstream. 

RUNOFF FROM PLOTS, FIELDS, AND DRAINAGE BASINS 

Table 1 contains runoff observations from plots, showing considerable 
ranges between runoff from sodded or wooded areas and runoff from row 
crop, fallow, or denuded ground. Naturally, among the numerous records 
of runoff from plots, fields, and small and large drainage basins, there 
are many percentage factors with narrow range and a few with wider range. 
For example, during several years rainfalls ranging from 1 inch to nearly 
4 inches in depth per day were observed to cause frequent runoffs of 40 
percent or more from corn or cotton with vetch cover at Tyler, Tex., even 
reaching 85 percent, whereas the surface runoff from nearby plots of well- 
established Bermuda grass did not exceed 1 or 2 percent of the rainfall, in 
spite of the 8.75 percent slope. 

Such contrasts in surface runoff from small plots and experimental 
fields under a variety of cropping and land-use practices so far exceed 
the expectations of many practical-minded hydrologists as to invite a 
challenge. They assert that the problems of water conservation and 
flood control cannot be resolved so readily as such experimental data 
would imply. They emphasize the generally accepted fact that the 



Table 1. — Summary of runoff percentages from plots with various vegetal covers 
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multiplication of respective yields from small plots by thousands or 
millions will not necessarily indicate accurately either the total flood 
volumes or the corresponding peaks as affected by surface conditions. 
Even the most ardent advocate of careful land-use and conservation 
practices as featmes of the flood-control program must admit the validity 
of such comments and reservations. There is some intermediate ground, 
however, on which the divergent views might reasonably be reconciled. 
A significant contribution in this direction is to be found under the title 
“Giving areal significance to hydrologic research on small areas” in 
chapter III of the report of the Upstream Engineering Conference of 1936, 
which followed the World Power Conference [62]. In the preparation of 
that article Merrill Bernard undertook to incorporate the results of obser- 
vations of runoff phenomena as influenced by land use and other factors 
within man’s control made for several years at erosion experiment stations 
of the United. States Department of Agriculture. The hydrographs 
shown in figure 21 of the report seem to demonstrate that the respective 
peak discharges from the 730-acre drainage area shown in figure 13 under 
conditions of 100 percent corn or 100 percent sod would be as 1,360 to 
360 cubic feet per second; the corresponding runoff coefficients were 0.85 
and 0.29, according to figure 23. Commenting on the data given in table 
6 of the report, showing that 55 percent of the drainage area in sod would 
account for a 44 percent reduction in flood peak compared with the 
runoff behavior of the entire area in row crops, while 100 percent in sod 
would result in a 74 percent reduction, Bernard concluded that “on 
watersheds up to 730 aeres, at least, the peak-reducing value of an effective 
cover varies almost directly as the degree to which the watershed is repre- 
sented by such cover.” According to figures 21 to 25 of the report, 
together with Bernard’s analysis and further comments, it is evident that 
the runoff may be affected by vegetal cover in about the same manner 
as already observed for the peaks, with some range of variation either 
above or below. If the experimental plots are even approximately 
representative of the similarly treated tracts up to a square mile or more in 
area, then the main flaws in the index relations must develop with larger 
areas. This conclusion is amply confirmed by observation and practical 
experience, especially in connection with the routing and the evaluation 
of flood-flow phenomena. 

Surely the flood waves assembled in the course of a few minutes 
from areas with dimensions of about a mile should reflect both the average 
rate, or excess rate, and the volume of rainfall, in suitable proportions; 
whereas areas so large as to require several hours or days for runoff 
assembly incline toward lower unit yields and peaks. 

As explained above, flood discharge seems to be proportional to the 
drainage area up to a few square miles. For large areas the discharge 
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peaks are more nearly proportional to the square root of the drainage area, 
or to some other fractional power under special conditions. Naturally, 
such factors as shape of basin, slope and roughness of channels and of the 
land surface, amount and nature of vegetal cover, and soil characteristics 
vitally influence the runoff behavior and may partly mask the areal 
relations. 

MAJOR FLOODS IN THE UNITED STATES 

Major floods have been observed on many river systems of this 
country at average intervals of a few years, or occasionally at longer 
intervals such as two or three decades, and rarely they have been repeated 
during the same season or during consecutive years. In this manner the 
average discharge for one year may become several times the mean for 
the period of record, and the associated peaks of discharge may likewise 
far exceed the average yearly peak, as shown by the data collected in 
“Low Dams” [63, app. I], sample items from which have been included 
in table 2, after being brought more nearly up to date. 

Flood control or protection works designed on the basis of unusually 
severe runoff conditions may only rarely function to full capacity. Thus, 
after the record-making floods of 1903 on the Delaware River, channel 
improvements were completed to accommodate like discharges without 
serious damage. During the next 30 years the flood peaks at no time 
attained 60 percent of the peak of 1903 ; but the floods of 1936 and subse- 
quent years in that region have fully justified the estimates of runoff 
potentialities both at Port Jervis and at Trenton, and presumably at 
intermediate and tributary stations as well. 

The series of record-breaking flood stages and volumes during 
recent years, together with droughts of outstanding severity and extent, 
have raised questions concerning the ' stability of climatic conditions. 
Some find in these records a mounting severity of both floods and droughts, 
which can be ascribed in part to progressive denudation of land surfaces 
and consequent loss of soil structure and fertihty, channel and storage 
capacity, surface mulch, twig and leaf litter, sod, top soil, and infiltration 
capacity. This is based on the theory that with impaired surface deten- 
tion the rainfalls capable of producing only moderate runoff under primi- 
tive conditions have given less than their normal quota to underground 
storage and correspondingly greater amounts to surface runoff, thereby 
aggravating the irregularities of stream flow through devastating floods 
and prolonged shortages of stream flow after the floods. It is notable, 
however, that authentic records of floods on American streams are com- 
paratively short. It is natural that the longer such records become, the 
more excessive are the recorded floods likely to be. Moreover, some 
entertain the possibility that periods that are wet or otherwise especially 



Table 2. — Sumviary and comparison of discharge characteristics 
[Items brought up to date from Low Dams, appendix I, National Resources Committee, 1938] 
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Table 3. — Maximum gage heights and discharges at Memphis, Tenn., and Vicksburg, Miss. 


Date 

Gage readings 
(feet) 

Discharge 1,000 
.cubic feet per 
second 

Additional in 
fioodway and 
valley storage 
(1,000 cubic 
feet per second) 

Maximum river 
and fioodway 
Discharge (1,000 
cubic feet per 
second) 

Mem- 

phis 

Vicks- 

burg 

Mem- 

phis 

Vicks- 

burg 

Mem- 

phis 

Vicks- 

burg 

Mem- 

phis 

Vicks- 

burg 

June 23, 1858 

35.3 


(1,300) 


(180) 


(1,480) 


June 26, 1858 


46.98 



(1,400) 

Apr. 27, 1862 


51.10 






(1,700) 

Mar. 20-21, 1882. . . . 


48.75 






(1,540) 

Mar. 25, 1884 


49.00 






a, 550) 

Mar. 16-17, 1890.... 

35.60 


1,400 


170 


1,570 

Apr. 24-25, 1890. . . . 


49.05 




(1,550) 

Apr. 2-4, 1891 


48.1 






(1^490) 

May io, 1892 


48.4 






(1,500) 

May 22-23, 1893 


48.3 






(1^495) 

Max. 20-21, 1897. . . . 

37.66 







(1,600) 

Apr. 16, 1897 


52.48 





(1,800) 

Apr. 10-11, 1898. . . . 

37.22 






(1,600) 

Apr. 24-25, 1898 


49.4 





(1,580) 

Mar. 20, 1903 

40.10 






(1,630) 

Mar. 28^ 1903 


51.80 





(1,800) 

Apr. 11, 1904 

39.20 


1,620 




1,620 

Feb. 3, 1907 

40.30 






(1,700) 


Feb. 12-13, 1907 


49.65 





(1,700) 

Mar. 22, 1909 

38.60 






(1,600) 

Apr. 1-2, 1909 


48.00 





(1,550) 

Apr. 6, 1912 

45.23 


(1,800) 


240 


2,040 

Apr. 12, 1912 


51.65 

(1,850) 


(300) 

(2,150) 

Apr. 9, 1913 

46.55 


(2,030) 

220 

2,250 

Apr. 27-28, 1913. 


52.20 

(1,900) 


(300) 

(2,200) 

Feb. 9, 1916 

43.4 


(1,750) 


1,750 

Feb. 15, 1916 


53.85 





(1,700) 

Apr. 23, 1917 . 


49.98 






(1,730) 

Apr. 27, 1920 


50.90 






(1,825) 

Apr. 1-2, 1922 

42.5 


(1,560) 




1,560 

Apr. 28, 1922 


54.85 




'1,826 

Apr. 23-25, 1927 

45.8 


(1,860) 


500 


2,360 


May 4, 1927 

58.40 

(2,145) 


(350) 

2,495 

July 12-16, 1928 


49.30 




(1,670) 

May 25, 1929 

41.5 


(1,600) 




1,600 

June 6—7, 1929 


55.2 

1,741 



1,741 

Feb. 19, 1932 

■ 38.7 


1,308 




1,308 

Feb. 28-29, 1932 


50.27 

(1,410) 



1,410 

Apr. 9, 1933 

40.1 


1,416 





.Tim ft 10, 19.33 .... 


47.50 

1,360 




1,360 

Mar. 19, 1934 

30.0 


839 





Apr. 13-14, 1934 


34.58 


877 




877 

Apr. 17, 1936 

40.3 

1,360 




1,360 


Apr. 30, 1936 


42.54 


1,280 




1,280 

Feb. 7, 1937 

50.4 


2,020 


500 


2,520 

Feb. 17-22, 1937.... 


53.2 

2,080 




2,080 
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conducive climatically to the production of floods may occur in the manner ' 
of cycles and thereby tend to invalidate the evidence of apparent trends 
afforded by comparatively short records. Some believe that because of 
these conditions evidence that floods are increasing or decreasing in 
severity is not satisfactorily convincing. 

Table 3 shows in chronologic order the flood stages and peak dis- 
charges of the Mississippi River at Memphis, Tenn., and Vicksburg, Miss., 
from 1858 to the present time. The increases in maximum recorded flood 
stages of 15.1 feet between 1858 and 1937 for Memphis and of 11.4 feet 



Fig. XIo-2. — Comparison of crest stages along the Ohio River in the flood of 1937 with the previous 
highest stages of record (black). {Data from U. S. Weather Bureau.) 


between 1858 and 1927 for Vicksburg (which may be influenced to some 
degree by the effects of levees or the regimen of the river), together with 
an increase of two-thirds in peak discharge for each of the stations, 
cannot be disregarded. 

The recent developments in construction and operation of reservoirs 
to regulate stream flow in the interests of navigation, power, irrigation, 
municipal water supply, and flood control would make any upward trend 
of flood stages and peak discharges more significant. Exclusion of high 
floods from reclaimed and protected areas formerly subject to overflow 
naturally provides some explanation of recent trends but does not fully 
account for the results. Figures XIg- 2 and XIg- 3 show how new records 
were established by the flood of March 1937 on the Ohio and Mississippi 
Rivers. 
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Prior to the flood of June 1935 on the Republican River in Colorado, 
Nebraska, and Kansas, the highest rating on the Myers scale had been 
about 4 percent, but after that flood a rating of fully 25 percent, or six 
times as great, was found to be applicable to both the main stream and the 
average tributaries, both large and small, at rare intervals. Similarly 
the disastrous flood of June 1921 on the Arkansas River system at and 
near Pueblo, Colo., so far exceeded the flood crests observed through 
several decades of record (attaining about nine times the former maxi- 
mum) as to challenge the use of all flood formulas based on experience in 
that locality. The percentage rating on the Myers scale attained by the 
Purgatoire River at Trinidad, in southeastern Colorado 75 miles south of 
Pueblo, in September 1904 was 17, and the ratings of the Arkansas River 



Fia, XIg-S. — C omparison of crest stages along the lower Mississippi River in the flood of 1937 with 
the previous highest stages of record (black). {Data from U. S. Weather Bureau.) 


at and below Pueblo in June 1921 were 15, 19, and 18. In view of the 
persistent similarity of topographic and other physical characteristics of 
this region along the eastern face of the Continental Divide, the con- 
clusion is justified that an index of flood potentialities on the Arkansas 
River at Pueblo had been furnished at Trinidad nearly 17 years prior to 
the flood of 1921. However, this index had remained obscure and 
urirecognized, largely because of the difficulty in comparing flood crests 
and interpreting records from unequal drainage areas. This difficulty 
has been obviated, in part, by application of the Myers scale, described 
above, whereby the factor representing area seems to have been partly 
canceled out or made to vary proportionately to the probable flood build- 
up, so that ratings from either large or small tributaries tend to approach 
those for the main stream except as modified by other physical factors 
of the basins.^^^ ^ ^ ^ ^ ^ ^ 
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A COMMON DENOMINATOR FOR ALL FLOOD FORMULAS 

The flood of January 1937 at the mouth of the Ohio River might 
be expressed in the form of the “rational formula” as 

Q = CiA = 0.0142 X 1.0 X 640 X 203,000 = 1,850,00 


That is, runoff amouiiting to about one-seventieth of an inch per hour from 
the entire drainage basin, or 1 inch per hour from one-seventieth of the 
entire basin, was the maximum attained at Metropolis, 111. Similarly, 
the maximum observed flood flows in the lower courses of the Columbia, 
Colorado, Missouri, and Mississippi Rivers would represent about 0.009, 
0.002, 0.002, and 0.004 inch per hour, respectively, for use in the rational 
formula. 

It appears from the examples given above that the extensive areas, 
measured in hundreds of millions of acres, and the very low average runoff 
in depths per hour as represented by the .highest floods of record have 
really lost their significance. On the other hand, the relations of the 
Myers formula, such as are applicable at Metropolis — 


q y/M 9.11 \/203,000 
100 ~ 100 


= 41.1 percent 


are fairly significant and consistent with the records established during 
the storm of March 1913, when ratings of 34.3 percent were attained for 
the Scioto River at Columbus, Ohio, and of 50.0 and 58.4 percent for the 
Miami River at Dayton and Hamilton, Ohio, respectively; and during the 
storm of March 1936, when ratings of 39.8 and 41.1 percent were attained 
for the Ohio River at Pittsburgh and Sewickley, Pa., respectively. Thus 
the flood peak of January 1937 at Metropolis, 111., -though exceeding the 
previous maximum record for that section of the river by about 52 percent, 
was also proving up on its inherent flood potentiahties as indicated by the 
foregoing maxima on other parts of the drainage system. Furthermore, 
if steep topography and shallow or close-textured soils were prevalent in 
Indiana and Illinois instead of the relatively flat gradients and deep, 
permeable glacial soils, the floods on the lower Ohio River might reason- 
ably be expected to approach a rating of 40 percent much more frequently. 

Through similar use and interpretation of available data, including 
those from neighboring stations, the estimates tabulated under the column 
heading “Expected peaks” in table 2 of “Flood-flow characteristics” 
[23] forecast with fair accuracy the intensities to be expected during rare 
floods, closely approaching the probable limiting flood peaks at several 
stations. Thus, for item 919 in the table, Brazos River at Waco, Tex., 
the expected rare flood peak was recorded as 10 cubic feet per second per 
square mile, slightly more than double the maximum observed thereto- 



RUNOFF 


547 


fore. Compared with the 9.0 cubic feet per second per square mile, 
actually measured by current meter during the notable flood of October 

1936, the forecast of potentialities made 10 years earlier is a fair approxi- 
mation. Likewise, a similarly determined forecast of 2.5 cubic feet 
per second per square mile for the Mississippi River at Helena, Ark., 
proved to be a satisfactory estimate of the flood peak of April 1927 ; to a 
lesser degree the same comment applies to the Colorado River at Austin, 
Tex., and to stations on the White River, Indiana, and on the Tennessee, 
Missouri, Susquehanna, and other rivers. 

Figure XIg- 4 shows maximum flood flows expressed as percentage 
ratings on the Myers scale plotted in geographic position, corresponding 
to the streams represented. 

No matter what formula is chosen for estimating or evaluating flood 
flow, it has been found convenient to make comparisons by expressing 
results in terms of percentage rating on the Myers scale. If either of the 
variables is unknown, it may be readily determined from the other two, 
as outlined above under the heading “Flood formulas.” 

INTERPRETATION OF FLOOD HYDROGRAPHS BY VARIOUS STANDARDS 

An outstanding example of recent progress in the analysis and ade- 
quate presentation of flood data is afforded by United States Geological 
Survey Water-Supply Paper 843 [38]. One of the many clear-cut illus- 
trations that serve to strengthen the presentation is here reproduced as 
Figure XIg- 5, showing graphs of mean daily discharge at several river- 
measurement stations. Careful selection of discharge scales resulted in 
an impressive array of daily peaks, mostly culminating on December 11, 

1937. The time of maximum observed discharge extended from 1:00 
a.m. December 11 to 10:00 p.m. December 12, a period of 45 hours. The 
variation of scales for the successive hydrographs is not suited to a ready 
comparison of discharges and might obscure other relations. For this 
reason, table 4 has been prepared, in order to provide additional compari- 
sons of rainfall and flood discharge characteristics. 

In view of the disparity in size of the drainage areas, which range 
from 6,600 to 268 square miles, or a maximum 24.6 times the minimum, 
it is not surprising that corresponding ratios of discharge for maximum 
calendar days and selected 24-hour periods (parts of two consecutive days) 
were 50.4 and 40.4 percent respectively; while such ratios for the peaks in 
cubic feet per second and cubic feet per second per square mile were 16.4 
and 24.7 percent respectively; for the Myers ratings of the flood of Decem- 
ber 1937 and other record-making floods, they were 14.7 and 10.6 percent 
respectively. For the December storm the maximum precipitation and 
runoff depths were' respectively 2.6 and 24.0 times the minimum. Like- 
wise, the runoff coefficients ranged from 48.4 to 5.2 percent, or a ratio of 
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9.3 to 1. The final result of 24.5 for the ratio of maximum to minimum 
depths in inches per hour attained by the flood peaks at the eight stations 



Fig. XIg-4.— (a) Map of the United States, western section, showing maximum flood flows 
based on stream gagings or estimates froni observed physical data, expressed as percentage ratings 
on the Myers scale. 


listed would have coincided with that given as 24.7 foi; the peak in cubic 
feet per square mile if the computations had been carried far enough into 
the decimals, but it provides a fair check as it stands. 
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Table 4 demonstrates that a station may record the maximum of one 
or more factors to be compared, and yet may fall far short of the maximum 



Fio. — (6) Map of the United States, eastern section, showing niaximnm flood flows 

based on stream gagings or estimates from observed physical data, expressed as percentage ratings 
on the Myers scale- 


in others. Thus the last four stations in the table provide most of the 
maximum values for comparison by various standards, and the first two, 
of widely different drainage areas and other physical features, provide 
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November 1937 December (937 Jc^nuoiry 1938 

Fig. XIa-5. — Mean daily discharge at several river-measurement stations in northern California for 
the period November I, 1937, to January 31, 1938. 
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most of the minimum values. Greater disparities in runoff and flood 
phenomena would probably have developed if the rainfall had encountered 
deep snow blankets in the high Sierra, or if any considerable part of the 
precipitation had been in the form of snow, or if there had been a succes- 
sion of disturbances instead of the simple pattern of a single rainfall, 
developing both high intensities and great total depths over a considerable 
portion of the State. 

Water-Supply Paper 843 [38, p. 1] states: “An interesting character- 
istic of the floods was the absence of high water along the lower reaches of 
the San Joaquin River, in contrast to the flooded areas along the lower 
Sacramento River. Large volumes of flood waters were withheld by the 
many storage reservoirs on tributaries of the San Joaquin River, whereas 
much smaller volumes were detained by the comparatively few storage 
reservoirs in the Sacramento River Basin. ... A study of the conditions 
of antecedent precipitation and probable ground moisture associated with 
previous great floods supports the conclusion that the ground storage is 
generally a very critical factor in the development of floods in this region.” 

It would be difficult, if not impossible, to find a region where the com- 
ments above quoted would not apply in some degree, and in this conclu- 
sion authoritative opinion based on the behavior of large drainage basins 
coincides with experience on experimental plots, fields, and small drainage 
basins under varying conditions of soil, cover, culture, and land use. 

FLOOD MAGNITUDES AS EXPRESSED IN VARIOUS UNITS 

The diverse relations shown in table 4, depending on the respective 
featmes or units compared, suggest the need for a chart showing the rela- 
tive magnitudes and conversion factors. Figure XIg- 6, embodying the 
data of table 5, summarizes in graphic form the frequency-magnitude 
behavior of the Yuba River floods at Smartville, Calif., during the 32- 
year period 1903-34. The graph includes the peak of 120,000 cubic feet 
per second in March 1928 and would thus be subject to little change if the 
peak of 95,000 cubic feet per second in December 1937 were included. 

The conversion factors or magnitude ratios between selected pairs of 
volumetric units, showing the value of the larger unit in terms of the 
smaller unit for each comparison, may be read from Figure XIg- 6 with fair 
accuracy as follows : Begin where the curve lying in the lower part of the 
figure intersects the horizontal boundary of a decimal phase, such as 0.1, 
1.0, 10, or 100, then move vertically from this point to the intersection 
with the upper cmve to be compared, move horizontally to the left margin, 
and read the number directly, of course having regard to the decimals. 
Thus, for converting cubic meters per second to cubic feet per second, the 
factor is 35.3 ; or to million gallons per day (m.g.d.), 22.8 ; or to acre-feet per 
day, 70.0. This serves to illustrate the fact that 1 cubic foot per second will 
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deliver nearly 2 acre-feet per day, the deficiency being only 0.8 percent, as 
shown in foot-note 1, p. 537. Likewise, it is readily seen that in order to 
convert million gallons per day to cubic feet per second the proper factor 
for multiplication is 1.55. Similarly, the curves representing cubic meters 
per second per square mile and per square kilometer may serve for defin- 
ing the areal relationship between square miles and square kilometers as 
2.59. Furthermore, the relative lengths of miles and kilometers may be 
had by extracting the square root of the conversion factor of 2.59 for 
areas, the result being 1.61. 

SLIDE-RULE SOLUTIONS FOR THE MYERS SCALE 

A single setting of the ordinary slide rule will suffice for determining 
more than one factor. Thus, for the Ohio River flood of January 1937 
at Metropolis, 111., M = 203,000 square miles, and Q = 1,850,000 cubic 
feet per second; therefore, it is well to set 203 of scale B under the extreme 
right index of scale A, with the minimum displacement of the slide from 
its closed position. This insures the use of the right half of the scale B, 
to conform with the fact that an even number of digits expresses the area. 
For an odd number of digits the left half of the scale should be used for 
the setting under one of the end indexes, but never under the middle index 
of scale A if the best use of a single setting is desired. 

Under 185 of the C scale, read 41.1, the percentage rating on the 
Myers scale. Then prove as follows : Without disturbing the setting, first 
read on A scale, above 185 of the B scale, the number 9.11, representing 
q, the average yield per square mile of drainage area for peak discharge. 
Now reset the slide, placing the right index of scale B under 203 of the 
right half of scale A. Then under 9.11 of scale C read 41.1 on scale D, 
furnishing the desired proof. It is evident that such manipulation of 
scales A and B either divides or multiplies by the square root of the drain- 
age area expressed in square miles; and the readings on scales C and D 
supply the other needed factor and the desired result of the computation. 

Even the most complicated formulas and technical procedures thus 
far introduced or likely to be devised require the determination of both 
the area of the drainage basin and the flood discharge, along with corre- 
sponding stage. As demonstrated above, it requires but a simple operation 
on the slide rule to determine the percentage rating on the Myers scale 
for purposes of comparison. 

FLOOD RECORDS OF OUTSTANDING LENGTH 

Incomplete records of several rivers in New England and along the 
Atlantic seaboard extend back well into the colonial period and thus 
partly cover two or three centuries, and the record for some stations on 
the Mississippi River and on some of its tributaries extends well beyond 
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100 years. Concerning the Ohio River at Pittsburgh, Pa., for example, 
there was some relation between the welfare and security of the early 
colonists and their abihty to keep their stores of powder dry at Fort 
Duquesne, precariously near the occasional flood marks of the 1760’s. 
“It appears that the first two yearly maxima definitely recorded were 
39.2 and 41.2 feet in January 1762 and March 1763, respectively, followed 
by 40.2 in November 1810, as compared with the 36.5 feet of February 
1884, later superseded by the 38.7 feet of March 1907, the recognized 
90-year maximum until the unprecedented flood of March 1936, when the 
gage reading attained 46.0 feet” [27, p. 163]. 

As would be expected, much longer records are available for some of 
the principal rivers of Europe, Asia, and Africa. The records are usually 
intermittent, somewhat fragmentary, and more or less uncertain and are 
more qualitative than quantitative as derived from existing notes. How- 
ever, it is known that the floods of February 1658 and January 1910 on 
the Seine River at Paris were nearly equal in both stage and discharge, 
rating nearly 7 percent on the Myers scale. Likewise, the floods of 1501 
and 1899 on the Danube River were outstanding at 14 separate stations, 
the earlier one registering from 2.4 to 11.2 feet higher than the later one. 
According to the longest record with a, claim to fair continuity, that of the 
Nile River at the Roda gage, Cairo, Egypt [25, fig. 19], the century 
maxima from the 7th century to the 20th seemed to rise about 9 feet, of 
which nearly 7 feet represents the normal rise from silting. 

RECENT TRENDS IN FLOOD-CONTROL INVESTIGATIONS 

The last two or three decades have witnessed a change in methods of 
approach and analytical treatment of basic data pertaining to flood assem- 
bly, routing, forecasting, damages, and warranted degrees of regulation, 
protection, and control. The results achieved from the relatively meager 
and generalized data of 40 years ago, however, should stand as monuments 
to the engineering and other scientific professions responsible for those 
early investigations, designs, and construction projects on many river 
systems. 

With the advent of greatly increased facihties for continuous auto- 
matic recording of rainfall, runoff, and associated physical phenomena, 
more rigorous scientific methods have been devised. Groups recently 
organized to develop and carry on the newly defined relations of hydrology 
and meteorology have thus had the multiple advantages of more nearly 
adequate data and the step by step progress into what had been largely 
unexplored fields. 

Some hydrologists are content to use daily records; others have 
required 12-hour, 6-hour, or even hourly rainfall and runoff data; and 
several others are inclined toward still further breakdown, using even 
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5-minute intervals. For application to specific drainage basins the result- 
ing mass of detailed data and derivations may have to depend on rather 
broad assumptions, which may largely nullify the particularized informa- 
tion. However, out of the determined efforts of many groups have 
emerged some technical procedures and analyses that have much promise 
and have already been utilized to good effect in recent flood reports of the 
United States Geological Survey and of other Federal, State, and private 
or municipal agencies, some of which are listed under References. 

HEADWATER STORAGE AND FLOOD CONTROL 

Notable progress has been made both in this country and abroad 
toward storing or otherwise retaining rain water, either where it falls or as 
near thereto as practicable. Among the outstanding developments of 
this kind are the well-known terrace systems, which throughout many 
centimes, have retained valuable groves, vineyards, orchards, gardens, 
and tillage fields or plots, particularly in areas bordering the Mediter- 
ranean; the terrace systems of prehistoric times on the Andean slopes in 
Peru and Bolivia; and the Mangum broad-base and other earth terrace 
systems used in this country within the last few decades, to provide either 
storage or other detention capacity, both surface and imderground, and 
at the same time to promote vegetative growth and attendant soil and 
water conservation. Small storage projects in headwater areas for domes- 
tic water supply, small power projects, recreation, stock watering, irriga- 
tion, fire protection, and general farm use have contributed toward the 
regulation and stabilization of adjacent ground-water levels and stream 
flow through holding back the crests and then augmenting the low flows. 

If the objective in flood-control projects may be defined as reducing 
the peak discharge to one-half, one-third, or any other portion of the 
expected 100-year maximum and insuring the subsequent release of 
impounded water to augment low flows when most needed, then it appears 
practicable to make some progress toward this objective through proper 
use of the soil and its cover, as demonstrated strikingly by such data as 
those of figure XIg- 1 and table 1. Although the more positive measures 
involving open storage in large reservoirs may be required for complete 
and satisfactory control of water resources in a designated region, a pro- 
gram of soil conservation is made more incumbent by reason of such major 
structures, in order to reduce sedimentation and thus prolong the useful 
life of the reservoir capacity. 
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XlH. STORAGE IN RELATION TO FLOOD WAVES 
Walter B. Langbein^ 

A rise in stream flow to a crest in response to runoff generated by pre- 
cipitation and its subsequent recession after the cessation of precipitation 
constitute what is called a flood wave. A hydrograph of river flow is 
composed of a series of flood waves, varying in shape and size and occtirring 
at irregular intervals. A flood wave may also be regarded as a temporary 
unbalance in river regimen resulting from the application of more water 
to the land in the form of precipitation or by the melting of snow than can 
be absorbed by the land itself. The rapid rise of the water in river chan- 
nels produces unequal flow at different points, and the usual balance 
between frictional resistance and energy gradient that exists during steady 
flow is disturbed. The regimen during the resulting unsteady flow is 
determined in large part by complex local transfers of energy and of 
volume. 

The general equations developed by Thomas [13] for unsteady flow 
in river channels are as follows : 


Law of conservation of energy : Energy gradient equals slope of water 

surface plus instantaneous velocity gradient (1) 

Law of conservation of matter: Total outflow between two sec- 
tions during an interval of time equals total inflow plus or minus the 
change in storage during the same interval. Variously termed 
“equation of continuity” or “storage equation.” (2) 


Thomas emphasizes that the complexities of the general problem of 
unsteady flow in river channels, as well as the mathematical difficulties, 
are such as to require simplifying assumptions in order to obtain solutions 
under special conditions. Only particular solutions can be attained in 
engineering flood-routing investigations. 

The process of determining progressively the timing and shape of a 
flood wave at successive points along a river is called flood routing. Some 
approximate methods for accomplishing this purpose are described below, 
but no fittempt is made to appraise their accuracy in comparison with 
solution by exact formulas. In practice the approximate methods are 

^ Hydraulic engineer, Geological Survey, United States Department of the Interior, 
Washington, D. C. 
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checked by comparison with observed flood profiles and hydrographs, 
and adjustments are thereby made in the technique to improve the verifi- 
cation. However, such verification may be deficient to the extent that 
the data used in the derivation of the routing technique may have sampled 
only a small number of experiences. A later flood, representing an entirely 
different combination of events, may prove these empirical methods to 
be unreliable. 

Seddon [10] is credited with having pointed out that the quotient 
between small changes in storage and the corresponding change in dis- 
charge (both sides of the ratio having the same sign) equals the time of 
travel of a uniformly progressive wave through the reach. This principle, 
however, can be expanded to cover other cases of flood-wave motion in 
river channels. Broadly there are two general classes of flood waves — 
namely, those in which momentum or accelerative forces predominate 
and those in which such forces have been largely counterbalanced by 
frictional resistance. Flood waves of the first class occur in power-regu- 
lated channels and in steep dry washes in the arid West as a result of cloud- 
burst rains. Most flood waves in natural river channels are of the second 
class, in which the time length of their base at any place greatly exceeds 
the time of travel from the headwater to the given place, and accelerative 
forces are therefore probably small. 

The movement of such flood waves through natural river courses may 
be conceived to be subject to operations of two kinds — namely, uniformly 
progressive flow and reservoir (or pondage), action. The first process con- 
sists of downstream movement of a flood wave without change in shape, 
an occurrence that is approximated in those prismatic river channels in 
which stage and discharge are uniquely defined at all places and in which 
wave velocity remains constant throughout the range in stage experienced 
by the flood wave. Reservoir or pondage action refers to transformation 
of a flood wave that takes place as a result of reservoir action, with conse- 
quent attenuation of the maximum discharge and flattening of the wave. 
An ideal reservoir may be defined as a body of water whose depth is very 
great and .in which the water velocity approaches zero. The surface of 
such a pool would be level, and the displacement produced by a mass of 
water placed in the pool (surge wave) would be transmitted to all parts 
of the pool almost instantly. Reservoirs as built in natural river courses 
for the storage, control, and regulation of river flow do not generally con- 
form with these conditions; their pools are not level, and sharp distinctions 
cannot be made between the pool and the backwater reaches, which extend 
some distance upstream. Flood-wave movement in natural river courses 
is intermediate between the two limiting conditions cited whenever the 
ratio of the square of the water velocity to the product of gravitational 
acceleration and depth ranges between the limits of zero and unity. 
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Figures XIh-1 and XIh-2 show hydrographs of flood waves illustra- 
tive of the two processes mentioned. Figure XIh-1 shows movement of 
a flood wave in the North Platte River from Bridgeport to Lisco, Nebr., 
in June 1935, without appreciable change in shape; Figure XIh-2 shows 
the flow from an area of 502 square miles into the retarding basin on the 
Stillwater River at Englewood, Ohio, and the outflow from the basin dur- 
ing April 1938. The total drainage area above the Englewood station is 
646 square miles; the flow from 144 square miles intervening was not 



Fig. XIh-L — Hydrographa of discharge of the North Platte Elver, June 1-4 « 1935, at Bridgeport 
Neb. (first graph from the left), and Lisco, Neb. (second graph). 


separately measured. The maximum rate of discharge into the retarding 
basin and adjoining channel reaches was probably about 16,000 sec- 
ond-feet. This was reduced to 8,800 second-feet by the storage in the 
reservoir. 

The storage equation (2), supplemented by means for evaluating the 
volume of storage at appropriate intervals, is the basis of flood routing. 
Storage in a given basin or river reach intrinsically varies with stage, and 
in rivers unaffected by irregularly varying artificial regulation, storage may 
also be expressed in terms of discharge. River channels are rarely uniform 
canals; they usually consist of a succession of pools and rapids in which 
the height of the water surface and associated storage in reaches betw'een 
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rapids or other control features such as bends or constrictions are con- 
trolled or regulated to a variable extent by the stage-discharge relation of 
the control at the downstream end. The degree of control of a stable 
channel is complete when stage and discharge are uniquely related but is 
only partial when the stage-discharge relation is affected by rate of change 


APRIL, 1938 

I 2 3 4 5 6 7 8 9 10 II 12 13 14 15 16 17 18 19 20 



Fig. XIh-2. — Hydrographs of discharge of the Stillwater River at Pleasant Hill and Englewood, 

Ohio, April 1938. 

of discharge, so that the discharge is greater for a given stage on the down- 
stream part of a flood wave than on the upstream part of the wave [5]. 

The storage in a river reach depends primarily on the rates of dis- 
charge into and out of the reach, and on the shape and other hydraulic 
characteristics of the channel and its control features. The storage at a 
given time may accordingly be expressed as follows: 

-S, = ;^ + (1 - x)DrA (3) 

(X 

in which It is the inflow at time tj and Dt is the discharge or outflow from 
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the reach, also at time t. The constants a and n express the stage-dis- 
charge characteristics of the control sections at the respective ends of the 
reach, and b and m evaluate the mean stage-volume characteristics of 
the reach in formulas of the type Q = ah”- and S = bh”', in which Q and S 
are discharge and volume respectively and h is the stage above the chan- 
nel bed. 

In uniform prismatic chann^^ls the exponent m/n generally ranges 
between 0.6 and 0.75, but in natural channels in which reaches with wide 
over-bank flood plains having little conveyance, indicative of large values 
of m, are subject to some degree of control by bends or narrows where the 
value of n would be low, the exponent m/n may be unity or even greater. 

The factor x, which is dimensionless, defines the relative weights 
given to the rates of inflow and outflow in the determination of the storage 
volume within the reach. When the stages in a reach are determined by 
the control at its downstream end, as at the spillway of a reservoir, the 
storage is uniquely defined by the discharge at the downstream point alone 
and the value of x in equation 3 is zero. When, however, the discharge 
at upstream places also participates in the definition of the water profile, 
creating what McCarthy calls “wedge storage,” the values of x increases, 
ultimately reaching 0.50 in uniform channels, where equal weight is given 
to inflow and outflow. The value of x for any given reach is determined 
by a trial and error process as explained below. 

The relation expressed by equation 3 can be treated either graphically, 
as explained by Rutter, Graves, and Snyder [9], or analytically, as devel- 
oped by McCarthy [7]. Each of these methods has its advantage, graphic 
treatment having greater flexibility, whereas the analytic method is adapt- 
able to algebraic development. 

In brief, in an analytic method that has found wide application it is 
assumed that the exponent m/n in equation 3 is unity through the entire 
range in flood discharge and that the volume of storage in a river reach or 
partial basin system at a given time may be evaluated in the following 
simplified form : 

S = k[xlt + (1 - x)Dt] (4) 

in which It and Dt have the same significance as before. The factor k, 
equal to h/a in equation 3, has the dimension of time and is the slope of 
the storage-discharge curve, which this method assumes to be linear 
within the range of flood discharges. This assumption may not always 
be correct, and its application to channels where the exponent m/n differs 
materially from unity may lead to greatly incorrect results. The factor 
X is dimensionles.s, as in equation 3, and defines the relative weights given 
to the rates of inflow and outflow in determining the volume of storage. 
These two factors have other physical significances, as explained below, 
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Discharge-storage relations can be computed on the basis of topo 
graphic surveys of the volume below defined river profiles throughout the 
range between low water and flood stage, supplemented by relations 
between discharge and stage and other factors such as slope at points of 
control in the river. This method for routing floods through reaches 
affected by backwater from regulated navigation and power dams was 
used by Rutter, Graves, and Snyder [9]. But according to equation 3 dis- 
charge-storage relations for a specific river reach or a partial basin area 
unaffected by such artificial regulation may also be derived from records 
of stream flow during floods by the following method: Tabulations are 



Fig. XIh- 3. — Storage-discharge relation of the North Platte River between Bridgeport and Lisco, Neb. 


prepared for the cumulative inflow at equal intervals from the beginning 
of the flood to the time the rivers have subsided to a stage nearly the same 
as that existing at the beginning. The inflow into the reach is composed 
of measured inflow and of the inflow originating on areas not separately 
measured, estimated on the basis of that measured on nearby areas of 
comparable size, adjusted, if necessary, for differences in rainfall. The 
total flood inflow so measured and estimated should equal the total meas- 
ured outflow. Wide discrepancy may be caused by errors in gaging or 
incorrect estimates of the unmeasured inflow. 

The difference between the cumulative inflow and outflow at intervals 
during the flood are computed. In accordance with the storage equation 
(2) the differences so computed are equal to the volume of water stored in 
the given reach from the beginning of the cumulation to the end of each 
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selected interval. These volumes of storage are plotted against the 
weighted mean discharge through the reach at the end of each interval. 
The plotting procedure used is defined by equation 4. When the storage 
is plotted against outflow discharge (x = 0) the points define a loop, as 
shown in Figure XIh- 3, with the rising branch plotting on the right. 
Accordingly successively larger values of x are selected, giving increasing 
influence to the inflow discharge, until the rising and falling branches 
approximately coincide. The slope of the graph is equal to k. A constant 
value of k (and consequently equation 4) will apply only over a range 
within -which, the curve approximates a straight line. This range may be 
fairly wide but does not by any means extend all the way from low-water 
flow to peak flood discharges. 

Some rivers show an increase in k 
(lowered velocity) at higher stages, 
as in Figure XIh-4, and some show 
a decrease. In general, it does not 
add greatly to the work of solution 
to use the graph as plotted instead 
of a straight-line approximation. 

Although serving to define the 
relative weights assigned to the 
inflow and outflow for evaluating 
the intervening storage, the factor 
X also defines the attenuation of the 
flood wave and therefore is known 
as the attenuation factor. Thus a 
condition of uniformly progressive 
flow or simple translation of the 
flood wave with no attenuation exists when x = 0.50, the maximum 
possible value, and A: is a constant. In such a river course inflow and 
outflow are given equal weight in evaluating the storage. An example 
of uniformly progressive flow is shown in Figures XIh-1 and XIh-3. 
A value of x = 0, on the other hand, indicates that the storage is 
uniquely defined by the outflow alone. This is a condition that exists 
in reservoirs or ponded storage, of which an example is shown in Figures 
XIh-2 and XIh-4. The reduction in peak discharge effected by the 
reservoir storage above Englewood, Ohio, has already been noted. Figure 
XIh-4 shows that storage was defined by outflow discharge at Engle- 
wood on both rising and falling stages, without reference to rates of flow 
upstream at Pleasant Hill. The absence in Figure XIh-4 of the storage 
loop shown in Figure XIh-3 should be noted. 

An expression for Seddon’s wave velocity [10] may be generalized as 
illustrated in Figure XIh-5, where the weighted discharge in a river reach 
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Fig. XIh- 4. — Storage-discharge relation of 
the Stillwater River between Pleasant Hill and 
Englewood, Ohio, based on jBlood of April 1938. 
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as defined by [xlt + (1 — x)Dt] of equation 4 is plotted against the cross- 

sectional area as defined by ‘ slope of a chord of the curve 

shown equals the wave velocity according to Seddon’s principle. If point 
1 represents initial or base conditions and point 2 represents a point on 


the flood wave, then 


?2 - qi 


in which q represents the weighted discharge 


’ a2 — 

and a represents the mean cross section of the reach, is equal to the mean 
wave velocity during the interval 1-2. The time required to traverse the 

reach is the lag and equals -y in which S is the storage in the reach. 

q2 — qi 

The lag between centers of mass of the entire wave equals the quotient of 

the sum of the lag for brief inter- 
, vals during the wave multiplied by 
the volumes in the reach during 
^ these intervals, divided by the total 

cc volume. The result can be ex- 

j Jp pressed as follows : 

^ /7 1 

I /' ‘ 

o / / in which S5 is the sum of storage 

5 // volumes in the reach at equal 

L' intervals during the passage of the 

'9 wave in excess of the initial or base 

I storage and 2q is the sum of the 

MEAN cross-sectional AREA discharge (in excess of base flow) 
Fig. xih-5.— Graphic representation of velocity through the reach at Corresponding 

of a flood wave subject to friction control. intervals 


In many river reaches where the relation between weighted discharge 
and storage is linear within the range in flood discharges experienced, lag 
simply equals its slope, k, which can serve as a convenient measure of 
storage volumes and dependent characteristics. 

The lag between the center of mass of effective rainfall and the center 
of mass of direct runoff at a gaging station is a concise measure of the 
hydraulic characteristics of the basin and in large part is definitive of the 
shape of the hydrographs of flood discharge from the basin. Thus it has 
been found that a general relation exists between the basin lag and its unit 
hydrograph [4, 12]. Figure XIh- 6 shows a series of distribution hydro- 
graphs (unit hydrographs in which the ordinates are expressed in percent- 
age of total runoff instead of second-feet per inch of runoff) for 6-hour 
storms classified in terms of the lag between centers of mass of inflow to 
the basin in the form of rainfall or snow melt and the outflow at a gaging 
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station, or other point. The curves shown in Figure XIh-6 are based on 
an analysis of many unit hydrographs for basins ranging in area from 
30 to 4,000 square miles. , The correlation shown in Figure XIh-6 assumes 
that the value of the attenuation factor, x in equation 4, is a constant for 
all basins and that k is constant through the range in flood discharge. 

HOURS 



Fio. XIh- 6. — Distribution hydrographs of direct runoff for six-hour periods of effective rainfall in 

terms of basin-lag intervals. 


So far as the channel conditions in any particular basin may differ from 
the average, the curves shown in Figure XIh- 6 may not fit. For example, 
in two basins of equal lag the storage in one may be in simple channels 
with little overflow or pondage, whereas in the other there may be consider- 
able pondage relative to its size. In the first basin the attenuation would 
tend to be less than in the second. As yet no guide can be given to the 
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determination of the value of the attenuation factor for a particular basin 
in the absence of records of stream flow, although some investigations have 
been made of the relation between lag or shape of the unit hydrograph 
and topographic features [7, 12]. The position of the tributaries in the 
basin might have an appreciable influence. The relative timing of floods 
from two principal tributaries would by itself greatly influence the crest 
discharge in the channel below the confluence. In the assembly of the 
waters discharged from the various parts of a basin there is a certain 
amount of coincidence and overlapping of flood waves, but in some basins 
one or the other predominates with corresponding effect on the shape of 
the integrated flood wave. Moreover, different storms in the same basin 
may produce different hydrographs because of differing areal distribution 
of effective rainfall. Most unit hydrographs are derived by averaging 
the results of different storms and so apply to an average distribution of 
rainfall. A storm centering downstream would produce a higher peak, 
other factors being the same, than one centering in a more remote part of 
the basin. The lag should therefore be expressed in terms of the geo- 
graphic location within the basin as well as the time of the center of mass 
of effective precipitation. 

In addition to possible uses in flood routing or unit-hydrograph prob- 
lems, storage formulas 2 and 3 may also be applied to the adjustment of 
observed hydrographs for the effects of channel storage and so to the 
derivation of the hydrograph of channel inflow. The computed graph 
may be compared with the graph of rainfall to compute the amounts of 
retention during the progress of a storm. Examples of this are shown in 
United States Geological Survey Water-Supply Papers 838, 867, and 
869 [1, 8, 14]. 

Determinations of channel-storage volumes during unusually high 
floods by the methods described have shown that the volume reaches 
great proportions and that in large river systems a considerable part of 
the total flood runoff may be in storage within the channel system at one 
time. The following table shows the magnitude of channel-storage vol- 
umes in relation to rainfall and runoff in the basins of the Muskingum, 
Connecticut, Ohio, and Susquehanna Rivers during outstanding floods. 
The portion of the direct runoff in storage at one time for the four basins 
ranged from 57 to 80 percent. In terms of acre-feet of storage the range 
was from 720,000 acre-feet in the Muskingum River Basin during the flood 
of August 1935 to 56,000,000 acre-feet in the Ohio River Basin during the 
flood of January 1937. It has been computed that in the latter flood the 
storage in the main channel and overflow areas of the Ohio River from 
Sewickley, Pa., to MetropoEs, 111., a channel distance of 932 miles, reached 
a maximum of 38,000,000 acre-feet, or about 1.4 times the capacity of 
Lake Mead, created by the Boulder Dam on the Colorado River, the 
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largest artificial reservoir in the world. These enormous volumes suggest 
that any analysis of river-flood behavior must be based on thorough appre- 
ciation of the action of channel storage. 


Volumes of channel storage in relation to rainfall and runoif during major floods 


Basin 

Date 

1 

i 

Drainage | 
area 
(square 
mile) 

Mean 

areal 

precipi- 

Direct 

runoff 

Maximum 
volume of 
channel 
storage 

1 

Lag 

inter- 

val 

(days) 

1 

1 

tation 

(inches) 

(inches) 

Inches 

Per- 
cent of 
direct 
runoff 

Muskingum River above 
McConnellsville, Ohio . . 

Aug. 8, 1935 

7,411 

4.16 

i 2.3 

1.83 

^ 80 

3.5 

Connecticut River above 
Hartford, Conn 

Sept. 22, 1938 

10,480 

7.56 

4.05 

2.90 

1 72 

3.4 

Ohio River above Metrop- 
olis, III 

Jan. 26, 1937 

203,000 

12. 96*^ 

; 8.9 

5.1 

* 57 

15. 

Susquehanna River above 
Marietta, Pa 

Aug. 24, 1933 

25,990 

4.13 

1.39 

i 

1.1 

79 

3.3 


« Included 0.1 incli of saow-melt. 
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XIi. ARTIFICIAL STORAGE 
William G. Hoyt^ 

Throughout the ages the degree to which people could either urbanize 
or carry on agricultural activities in arid or semiarid regions has depended 
largely upon the extent to which fluctuations in precipitation could be 
overcome through the storage and control of water. Storage was used 
in connection with municipal water supplies for irrigation and for flood 
control before the birth of Christ. Sextus Julius Frontinus, water com- 
missioner of Rome, A.D. 97, in two reports on the water supply for the 
city of Rome, describes in detail a system of water collection, storage, 
transmission, and delivery, which, were the dates and quantities changed, 
would do credit to a modern metropolis. 

The water supplies for Rome as- well as other ancient cities were 
obtained partly from flowing streams but more generally from the earth’s 
largest fresh-water storage reservoir — ground-water storage — and by 
diversion to points of use through canals and aqueducts. The remains 
of these early water systems still stand as evidence of a water-conscious 
people sufficiently versed in the knowledge of hydraulics and hydrology 
to comprehend that storage is essential in adapting most natural water 
supplies to man’s use. As the writings of Frontinus indicate clearly, the 
Romans knew the significance of notable droughts, that contaminated 
and silty surface waters resulting from only moderate rainstorms should 
be used for irrigation rather than human consumption, that desilting 
reservoirs were desirable between points of diversion and conduit intakes, 
and that accurate measurements of storage and diversions were necessary 
to check unauthorized use and wastage of water. 

After the fall of the Roman Empire little attempt seems to have been 
made to develop safe and reliable municipal water supplies. In fact, it 
is reported that during- the eleventh century the per capita consumption 
of water in Paris, France, was as low as 1 quart a day. Storage for irriga- 
tion, however, persisted in all the countries bordering the Mediterranean 
and to the east in Mesopotamia, India, and China. In the United States ' 
irrigation was practiced in the Southwest before the advent of the Spanish 
explorers, and during the sixteenth century the Spanish missionaries con- 
structed primitive irrigation works in what is now Arizona and New 
Mexico. 

‘Hydraulic engineer, Geological Survey, United States Department of the Interior, 
Washington^ D. C. 
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Storage of water as a flood-control measure was practiced by the 
ancient Babylonians on the Euphrates River through the diversion of 
water into depressions in the Arabian deserts. Similar flood-control 
measures were used on the Nile. On the Nile, however, the diverted water 
was returned to the river after flood periods. Detention basins with a 
fixed opening were used on the River Loire for the protection of the city 
of Roanne, France, as early as 1711. In Germany, France, and Russia 
storage was developed in connection with river improvements as early as 
the fifteenth century. The number of reservoirs constructed was rela- 
tively small prior to about 1900. 

Throughout the eastern part of the United States there is relatively 
an abundance of water, and storage was not essential for either early 
settlement or moderate utilization of surface-water supplies. With the 
economic development of the country there has been a remarkable growth 
in storage development until today there are in the United States few 
rivers whose flow is not regulated to some extent by storage. Although 
runoff conditions vary widely, and generalized statements do not clearly 
illustrate all conditions, it may be said that the possible use of water 
flowing in stream channels is extremely slight unless provision can be made 
to regulate the daily and seasonal flow to meet the demands. 

In humid areas of the United States, where the annual rainfall exceeds 
30 to 40 inches, between 50 and 70 percent of the total volume of stream 
flow occurs in the form of intermittent stream rises or flood waves, which 
result from the direct runoff from rains and melting snow. Except as 
such water may be used at the time of passing, it has little economic value 
unless it can be stored and released in conformity with more or less fixed 
requirements. In portions of the arid and semiarid regions of the United 
States, where stream flow is largely dependent on the runoff from melting 
snow, 75 percent or more of the total annual runoff flows out of each basin 
in the form of a huge wave, whose base may extend over several weeks 
but whose crest is in general considerably in advance of the peak of irriga- 
tion demands. Without artificial storage less than half of the runoff in 
humid areas can be depended upon for regular use, and in arid and semi- 
arid areas only a relatively small part of the total can be used beneficially. 
By storing water of the peaks and flood rises, however, it is possible to 
synchronize stream flow more nearly with the demands for municipal 
water supply, irrigation, power, and navigation and to control flood runoff 
to some extent. 

Beginning with early power development in New England, the regula- 
tion of the outflow from natural lakes by means of low dams and simple 
control structures afforded an inexpensive method of increasing the reliable 
power flow. As urban growth increased, natural low-water stream flow 
and ground-water supplies were often insufficient to meet the water 
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requirements of municipalities, and the impounding of stream flow in 
reservoirs became a necessity. In arid States of the West, beginning about 
1905, there was a spectacular development in storage for irrigation use, 
and the success thus attained has been reflected in a steady growth in 


YEAR 



Fig. XIi- 1. — Growth of storage in the United States. (Developed reservoirs of 20,000 acre-feet 

capacity and over.) 


storage development. The experience of the Miami Rivei: flood of March 
1913 in Ohio led to the construction of reservoirs as detention basins 
solely for flood protection. 

Prior to 1930 most storage reservoirs in the United States had been 
constructed for a single primary purpose, generally for municipal water 
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supply, power, or irrigation. Beginning, however, with the construction 
on the Colorado River of Boulder Dam, creating Lake Mead, and later 
with funds made available through emergency relief appropriations, work 
was started on several reservoirs so large that the storage space can be 
dedicated to a multiplicity of uses without material conflict and with an 
adjustment of benefits not otherwise possible. The magnitude of these 
large reservoirs is emphasized by the fact that their capacity exceeds the 
combined capacity of all other reservoirs constructed in the United States 
to date. 

The term “acre-feet,” normally used only in connection with storage 
for irrigation, is here employed as a measure of capacity instead of “ cubic 
feet” or “gallons,” commonly used as a measure of the capacity of reser- 
voirs whose primary purpose is municipal water supply and flood control, 
or “cubic yards,” used as a measure of the capacity of reservoirs whose 
primary purpose is silt and debris control. The following factors may be 
useful in converting acre-feet into other units : 

1 acTC~foot = 43,560 cubic feet. 

« 325,400 United States gallons. 

— 1,610 cubic yards. 

= 1 . 9835 second-feet flowing for 24 hours. 

~ 0.01876 inch over 1 square mile. 

= 1 ,234 cubic meters. 

In general the capacity referred to herein represents the usable capacity 
above the outlet works and does not include so-called dead storage below 
the outlet works. 

In January 1938 nearly 600 reservoirs having a capacity of 20,000 
acre-feet (871,000,000 cubic feet, 6,500,000,000 gallons) or more had been 
constructed or were under construction in the United States. The classi- 
fication of these reservoirs in relation to use is approximately as follows: 


Use 

Number 

Capacity 

(acre-feet) 

Percent of 
total 

Multiple use 

40 

76.280.100 
27,041,200 

27.001.100 
5,791,400 
4,788,200 
2,636,000 

53.3 

Irrigation 

167 

18.8 

Power. 

164 

18.8 

Municipal water supply 

65 

4.0 

Flood control 

29 

1 3.3 

Navigation 

14 

1.8 


. 479 

143,538,000 

1 100 


This table refers only to reservoirs of comparatively large size. There 
are innumerable reservoirs of less than 20,000 acre-feet, the combined 
capacity of which probably amounts to several million acre-feet. Most 
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of the small reservoirs are located on small streams, and in geiieral their 
operation has only a minor effect on the runoff from major basins. 

The aggregate capacity of the large reservoirs is sufficient to hokl a 
supply of 100 gallons a day for all the inhabitants of the United States 
during a period of 10 years. In terms of stream flow this capacity is 
equivalent to the aggregate runoff during a normal year of the Penobscot, 
Kennebec, Merrimack, Connecticut, Hudson, Delaware, Susquehanna, 
and Potomac Rivers and of the Ohio River at Pittsburgh, the Mississippi 
River at St. Paul, and the Missouri River at Kansas City. In terms of 
flowage it is equivalent to about 1 foot in depth over an area of 225,000 
square miles, or enough water to flood all New England, New York, 



Pennsylvania, Maryland, and Virginia to a depth of 1 foot; or to flood 
the entire surface of the United States to a depth of nearly an inch. 

Figure XIi-1 shows the development of storage reservoirs of 20,000 
acre-feet or more since 1885. An outstanding feature is the spectacular 
development in multiple-use reservoirs, beginning with the completion of 
Boulder Dam in 1935. Figure XIi-2 shows the distribution of the total 
developed storage by type and by use. Figure XIi-3 shows for major 
drainage basins of the United States the distribution of storage capacity, 
including that of multiple-use reservoirs, and the apportionment to the 
five primary uses — namely, municipal water supply, irrigation, power, 
flood control, and navigation. In making this classification, storage 
capacity dedicated to recreational centers, game refuges, and general uses 
such as water conservation has, in several instances, been included under 
“flood control.” The line of demarcation is sometimes not distinct, and 
it is recognized that other investigators might make somewhat different 
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Fig, XIi- 3. — Map showing distribution of storage capacity in the major drainage basins of the United States and the apiiortionment to the 

five primary uses. 
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apportionments . As shown in Figure XIi-3, the greater part of the storage 
for water supply is located in the Northeast and Southwest; storage for 
irrigation wholly in the West; storage for power in all areas; storage for 
flood control largely in the Mississippi River, Colorado, and California 
coastal basins ; and storage for navigation largely in the Mississippi River 
Basin. 

The total storage reported above is equivalent to 1.1 acre-feet per 
capita on the basis of the census of 1940. Data reported by Sutherland 
[2] indicate that the per capita storage development in some other coun- 
tries is as follows; Canada, a country that is sparsely populated but richly 
endowed with water resources, has 2.9 acre-feet per capita; New South 
Wales and Victoria, in which irrigation is extensively practiced, 0.70 
acre-foot per capita; and South Africa, only 0.075 acre-foot per capita. 
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CHAPTER XII 
DROUGHTS 
William G. Hoyt' 

Considered as a natural phenomenon, drought “constitutes dryness, 
want of rain or water, especially such dryness of weather or climate as 
affects the earth and prevents the growth of plants” (Webster). Drought 
conditions, as ordinarily defined in humid areas, exist when there is insuf- 
ficient moisture in the soil to maintain plant life [2]. Considered as an 
economic phenomenon, “Drought conditions may be said to prevail when- 
ever precipitation is insufficient to meet the needs of established human 
activities” [6]. 

CAUSES 

Nature supplies the earth with water largely in the form of rain and 
snow. Nature, however, has the first demands upon this precipitation, 
and there is left as stream flow or ground water only such water as escapes 
the demands of evaporation and transpiration. Any meteorologic condi- 
tion that reduces the residual water available for man’s use may be classi- 
fied as drought-producing. The two principal meteorologic conditions 
that affect this residual adversely are absence of rainfall and high tempera- 
ture, and the severity of a drought depends upon the degree in which these 
two major factors synchronize. The drought of 1936 in the Great Plains 
area is an excellent example of the synchronization of high temperature 
and deficient precipitation. Other drought-producing conditions include 
abnormal distribution of precipitation, not necessarily with deficiencies; 
high temperature, either with or without hot winds; and so far as droughts 
are related to stream flow and shallow ground-water supplies, long con- 
tinued subfreezing periods. 

Considered as an economic phenomenon, a droughty condition is 
created by man whenever he introduces and depends for his livelihood on 
a plant growth that requires an amount of moisture in excess of the 
demands of the native vegetation and neglects to supply by artificial means 
the additional water necessary for the growth and maturity of the crop 
or crops on which his livelihood depends. A droughty situation is also 

1 Hydraulic engineer, Geological Survey, United States Department of The Interior, 
Washington, D. C* In the preparation of this chapter the author has drawn heavily on 
Water-Supply Papers 680, and 820, by J, C- Hoyt (5, 6]. The reader is referred to those papers 
for a more exhaustive study of the subject. 
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created if, in the economic development of a region, man creates a demand 
for more water than is normally available. In connection with present- 
day activities of a highly organized civilization it is therefore increasingly 
difficult to define and delineate droughts on the basis of a study of meteor- 
ologic and hydrologic conditions alone. 

DELINEATION OF DROUGHT AREAS 

There is no simple way to delineate drought areas. Not only must 
the amount and distribution of the precipitation be taken into account, 
but other conditions that have a bearing on the quantity of the residual 



water available for man’s use must be considered. Koppen [8], through 
an analysis of both precipitation and temperature, developed a classifica- 
tion of climates on a quantitative basis, which has been used by Russell 
[12] in delineating areas in the United States according to climate. 

In 1931 Thornthwaite [13, 14], through a rigorous analysis of precipi- 
tation, temperature, and evaporation, made an advanced attempt to 
determine critical climatic limits by evaluating the effectiveness of precipi- 
tation in terms of the temperature at which it fell and gave numerical 
values to precipitation effectiveness and temperature efficiency. At low 
temperatures loss through evaporation is less than at high temperatures; 
thus the effectiveness of a given amount of rain would be greater in low- 
temperature areas. On the basis of temperature, precipitation, and 




DROUGHTS 


581 


evaporation data for monthly periods, Thorn thwaite [13, 14] formulated 
the effectiveness of rain in terms of mean monthly temperature. As 
defined the effectiveness varies directly with precipitation and inversely 
with temperature. In figure XII-1 are shown the normal positions 
of the five major moisture provinces in the United States — (A) wet, (B) 
humid, (C) subhumid, (D) semiarid, and (E) arid — as delineated by 
Thornthwaite. 

Climatic provinces as delineated by either Koppen [8] or Thornth- 
waite [13] are closely related to characteristic plant associations and soil 
distribution and as such are of value to ecologists, soil scientists, and 
agriculturists. They also have a direct bearing on hydrologic problems 
relating to droughts, as a primary function of the classification is the deter- 
mination of the degree of aridity. It is axiomatic that these elassification.s 
are a measure of the drought-resistant qualities of an area with reference 
to agriculture in that all wet dr humid areas are naturally drought-resistant 
and that ail subhumid, semiarid, and arid regions are less resistant to 
drought. Provinces thus defined are also, to a great extent, based on 
their drought-re.sistant qualities as related to water supply. 

Another definite index of the drought-resistant qualities of an area 
as related to water supply is the difference between precipitation on the 
one hand, and evaporation and transpiration on the other. The magni- 
tude of this difference is a direct measure of all the water available for 
man’s use, either in the form of stream flow or as an increment to ground 
water. The drought-resistant qualities of an area depend in part upon 
the stability and amount of its ground-water supplies. In general the 
larger and more stable the residual the greater is the margin availal^le for 
resisting droughts. Figure XII-2 .shows the normal amount of this re.sid- 
ual in the United States and affords a l^asis for the study of the stability 
of the country’s water supplies. The delineation of these provinces has 
been based on a study of precipitation, temperature, evaporation, and 
transpiration in the humid areas and of the runoff in the subhumid, semi- 
arid, and arid areas. The drought-resistant provinces shown in this 
figure correspond closely with the five major divisions relating to humidity 
as delineated by Thornthwaite. 

Extending north and south across the United vStates in close proximity 
to the 97th meridian is an area in which the evaporation and transpira- 
tion demands are about equal to the average annual precipitation. In 
this area there is very little residual water available to supply stream flow 
or to recharge ground water. Some water escapes the demands of evapo- 
ration, however, and there is recharge to ground water, especially during 
the winter, when losses are low, and there is some .stream flow when rains 
of high intensity or melting snow exceed the infiltration capacity. In 
general, however, a line north and south through this area separates the 
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eastern half of the United States, where the mean annual precipitation 
normally exceeds the evaporation and transpiration, from the western 
half, where, except in mountainous- areas and along the coast, the mean 
annual precipitation is normally less than the demands of evaporation and 
transpiration. 

Powell in 1878 recognized the significance of this line of demarcation. 
If his recommendations had been followed millions of dollars of drought 
relief would have been saved, and what is even more important, many 



Fig. XII-2. — Map of the United States showing average annual excess of precipitation over the 
demands of evaporation and transpiration, in inches. (West of the zero line there is generally no 
annual excess except in mountain areas and in the Pacific Northwest.) 


present-day problems of rehabilitation, resettlement, and soil conservation 
would be largely nonexistent, for Powell saw with exceptional foresight 
the necessity for the adaptation of man to soil and climate. In his report 
on the lands of the arid region of the United States [11] he says: 

“The limit of [rainfall for] successful agriculture without irrigation 
has been set at 20 inches. ... At 20 inches agriculture will not be uni- 
formly successful from season to season. Many droughts wiU occur; 
many seasons in a long series will be fruitless; and it may be doubtful 
whether, on the whole, agriculture wiU prove remunerative. . . . Extend- 
ing from the 100th meridian eastward to about the line of 28 inches, the 
district of the country thus embraced will be subject to more or less dis- 
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astrous droughts. ... In the western portion disastrous droughts will 
be frequent; in the eastern part, infrequent.” 

That his recommendations were not followed is shown as early as 
1894, when Hay [4], in discussing the water resources of a portion of the 
Great Plains, stated: 

“The almost boundless extent of tillable lands, the ease with which 
large areas can be cultivated, and the wonderful fertility of the soil have 
attracted settlement farther and farther from the Mississippi Valley out 
upon the Great Plains, and even into and across the regions which from 
the scantiness of rainfall are known to be subhumid or semiarid. The tide 
of settlement rolling westward has been thrown back again and again by 
the almost insurmountable barrier interposed by the meagerness of 
rainfall.” 

It seems futile to discuss droughts in an area where they are but a 
manifestation of normal climatic conditions, the frequency of occurrence 
of which has been predicted for over 50 years. Eastward from this area 
there is an increase in precipitation and a corresponding increase in the 
residual amount available for recharge to ground water and to maintain 
stream flow. In this area, however, where the average annual residual 
is 10 inches or more, as Powell pointed out, droughts of considerable 
severity are likely to occur. Even in the more humid area there are 
periods of drought, but they seldom attain great severity. The eastward 
limits of what might be called the subhumid area can be roughly defined 
as the area where differences between the average precipitation and the 
normal variations from the average exceed the normal demands of evapora- 
tion and transpiration. East of this area droughts of sufficient intensity 
to affect water supplies seriously are infrequent. In general this situation 
exists throughout the eastern third of the United States. West of the zero 
line, except in the higher mountainous areas and the, Pacific coast region 
from San Francisco northward, where conditions are generally humid, 
precipitation is usually less than the demands of evaporation and trans- 
piration, and there is little water available for recharge to ground water 
or stream flow. The degree of aridity increases rapidly with the decrease 
in precipitation from a subhumid or semiarid region to desert conditions. 

DROUGHT FREQUENCY 

As deficiencies in precipitation are considered the prime cause of 
droughts, most measures of drought frequency have been based on studies 
of such deficiencies, oix either an annual, a seasonal, or a monthly basis. 
Deficiencies in precipitation, however, are not the sole cause of drought, 
and, moreover, it is difficult to set a limit for precipitation above which 
drought does not exist and below which a drought may be produced; con- 
sequently there is no definite statistical index that can be universally 
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used. J. C. Hoyt [5, 6] in his drought studies concludes that in humid 
and semiarid States drought conditions exist when there is an annual 
deficiency in precipitation of 15 percent or more. C. G. Bates [10] in a 
study of climatic characteristics of the plains region in relation to the pos- 
sibility of shelter-belt planting used two methods as a base (1) full 
calendar years having less than 75 percent of the normal precipitation, 
and (2) 4-month droughts in which the precipitation during each month 
was less than 60 percent of the normal precipitation for that month. 
Russell [12] uses the Koppen classification of dry years and desert years 



Fig. XII-3. — Map of the United States showing percentage of- years that annual precipitation 
has been less than demands for evaporation and transpiration. (Throughout the West, except in 
mountain areas and the Pacific Northwest, annual demands of evaporation and transpiration, 
always or nearly always exceed annual precipitation.) 

and shows frequency of such years for the period 1901 to 1920. Thornth- 
waite [10], using his index values for subhumid climates, shows frequency 
of occurrences of years having subhumid climate in the plains region for 
the period 1910-33. Naturally, frequencies based on statistical analyses 
using both precipitation and temperature, such as those devised by 
Koppen or Thornthwaite, define drought conditions more accurately than 
analyses based on precipitation alone. Figure XII-3 shows the results of 
a frequency study based on the number of years in which the precipitation 
was less than the demands of evaporation and transpiration as measured 
by the difference between precipitation and runoff. It was found that in 
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humid and subhumid areas in the United States the normal annual con- 
sumption by evaporation and transpiration so computed ranged from 
about 18 inches at 39° F. to 33 inches at 64° F. The frequency of droughts 
sufficient to affect water supplies, shown in Figure XII-3, is directly related 
to the extent to which the area is drought-resistant, shown in Figure XII-2. 
The frequency increases as the residual available for man’s use becomes 
less. The critical areas and the area of greatest variability lie between 
the lines representing 80 percent and 20 percent frequency and are gener- 
ally coincident with the Great Plains. The area east of the 20 percent 
line is the area of least variabihty and in general has adequate precipita- 
tion for normal crops. East of the Mississippi River years of insufficient 
rainfall to meet the demands of transpiration and evaporation occur less 
than 5 percent of the time. 

PRINCIPAL DROUGHTS IN THE UNITED STATES 

During the period 1881 to 1936 five of the fifteen worst drought 
years occurred during the last 7 years. Studies by the writer [7] indicate 
that since 1930 there has been a general decline in precipitation and rise 
in temperature. These two meteorologic conditions have combined to 
produce aggravated conditions of drought. It is possible that since the 
settlement of the country there has not been in the humid or semihumid 
States another drought period of the extent or severity experienced 
between 1930 and 1936. The early history of lakes in sections of the West 
indicate that in the late 1840’s their beds were dry and were crossed by 
emigrant trails [3]. Data from the records of early settlers as compiled 
by Lynch [9] indicate that in southern California about 1830 there was a 
period of deficient precipitation which has not been surpassed. Composite 
tree-ring studies in northern California indicate a 5-year period ending 
in 1850 when tree rings were prevailingly thin [1]. All these evidences 
seem to point to a severe drought of wide extent about the period 1830 to 
1850. None of the students of climatic cycles and trends have definitely 
determined any trend that v>rould indicate a change in climate or a definite 
cyclic recurrence of drought conditions. If it is true that our climate is 
not changing, then the present precipitation is best thought of as a low 
in an indeterminate and variable cycle. 

DROUGHT MAGNITUDES 

As droughts result from a combination of events there is no direct 
measure of their magnitude. Two measures most commonly used are 
deficiencies in precipitation and extent of area affected. Other partial 
measures of drought magnitude include crop yields, stream flow, ground- 
water levels, and (since 1930) work and direct-relief funds. Based on 
deficiencies in annual precipitation and area affected, the relative ranking 
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Table 1. — Fifteen worst drought years in the humid states 




111 order of extent 

In chronologic order 

No. 


Area 

Precipitation in 

Year 

Interval 

between 

Order of 
extent of 


Year 

affected 

(percent) 

area of drought 
(percent of mean) 

droughts 

(years) 

area 

affected 

1 

1930 ! 

63 

74 

1889 


5 

2 

1936 

54 

76 

1894 

5 

3 

3 

1894 

45 

80 

1895 

1 

12 

4 

1901 

34 

75 

1896 

1 

14 

5 

1889 

32 1 

77 

1901 

5 

4 

6 

1934 

32 

80 

1904 

3 

11 

7 

1910 

30 

72 

1910 

6 

7 

8 

1917 

30 

80 

1917 

7 

8 

9 

1925 

30 

80 

1921 

4 

10 

10 

1921 

30 

84 

1925 

4 

9 

11 

1904 

29 

78 

1930 

5 

1 

12 

1895 

27 

77 

1931 

1 

15 

13 

1933 

24 

80 

1933 

2 

13 

14 

1896 

18 

82 

1934 

1 

6 

15 

1931 

18 

79 

1936 

2 

2 


Table 2.— -Fifteen worst drought years in the semiarid states {North Dakota, SoiUh Dakota, 
Nebraska, Kansas, and Oklahoma) 


No. 

In order of extent 

In chronologic order 

Year 

Area 

affected 

(percent) 

Precipitation 
in area of 
deficiency (per- 
cent of mean) 

Year 

Interval 

between 

droughts 

(years) 

Order of 
extent of 

area 

affected 

1 

1936 

100 

58 

1887 


15 

2 

1934 

100 

65 

1888 

1 

10 

. 3 

1910 

100 

71 

1890 

2 

6 

4 

1894 

80 

70 

1893 

3 

9 

5 

1917 

78 

71 

1894 

1 

4 

6 

1890 

68 

76 

1895 

1 

11 

7 

1933 

66 

77 

1901 

6 

13 

8 

1931 

65 

80 

1910 

9 

3 

9 

1893 

57 

74 

1913 

3 

12 

10 

1888 

57 

82 

1914 

1 

14 

11 

1895 

45 

78 

1917 

3 

5 

12 

1913 

44 

*84 

1931 

14 

8 

13 

1901 

35 

75 

1933 

2 

7 

14 

1914 

35 

83 

1934 

1 

2 

15 

1887 

35 

85 

1936 

2 

1 
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foi’ 15 drought periods in 1881 to 1936 is shown quantitatively in tables 
1 and 2, and the areal extent of 11 major droughts is shown graphically 
in Figure XII-4. The No. 1 drought of 1936 in the humid States had only 
a temporary effect on stream flow and ground-water levels. Records of 
scattered wells showed that exceptionally low ground-water levels were 
reached during the summer of 1936. On the other hand, during the winter 
of 1936-37 there was sufficient recharge to restore the levels to their nor- 
mal position, thus indicating the drought-resistant qualities of the humid 
States. In the subhumid States the continuity of droughts since 1930 
has resulted in a lowered water table, which has been only partly restored. 

EFFECT OF DROUGHTS ON GROUND WATER AND SURFACE WATER 

The immediate effects of droughts are (1) cessation of all surface 
runoff, with a corresponding reduction in stream flow ; (2) a depletion in 
soil moisture ; and (3) a lowering of the ground-water table and decrease 
in ground-water runoff. 

So far as stream flow is dependent on surface runoff from rains the 
drought effect is immediate and continuous throughout rainless periods or 
periods when precipitation is less than the rate of infiltration. As nor- 
mally all surface runoff that may have accumulated in river channels 
flows out of the average-sized drainage basin in from 8 to 12 days after a 
rain, rainless periods exceeding 8 to 12 days constitute drought in respect 
to streams whose flows depend on surface runoff. 

The effects of droughts on soil moisture are shown directly by the 
growth of plants whose roots penetrate the moisture zone. Shallow- 
rooted grasses may be able to draw moisture only from a soil zone contain- 
ing 1 or 2 inches of water. Such supplies are quickly exhausted during 
the summer, and rainless periods of short duration result in a tendency 
for such grasses to wither. Deep-rooted vegetation draws from a large 
reserve and is therefore more drought-resistant. 

In general, ground water is the last to reflect drought effects and also 
the last to reflect the cessation of a drought. Inasmuch as outflow from 
ground water furnishes most of the sustained part of stream flow and is 
the source of practically all rural and many urban water supplies, 
the effect of droughts on the stability of ground water is of vital impor- 
tance. All observations of ground-water levels in areas where there is 
normally an excess of 10 to 20 inches of precipitation over the demands of 
evaporation and transpiration (see Fig. XII-2) indicate that whereas out- 
standing droughts, such as those of 1930 and 1936, cause rapid declines in 
ground-water levels, with resultant decrease in stream flow and drying up 
of springs and wells, the return of normal precipitation brings rapid 
recharge and return to normal conditions. There seems to be nothing in 
the ground-water records in humid areas to indicate that any droughts 
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SO far experienced in such areas have had anything more than a temporary 
effect upon ground-water levels. 

In progressing from the humid to the subhumid and semiarid areas, 
however, the residual between precipitation and evaporation becomes less 
and less, and not only is the effect of droughts more immediately severe 
but the rate of recovery is correspondingly slow. There seems to be no 
reason to doubt that for the last 10 years or more in parts of the subhumid 
and semiarid areas precipitation has been less than the demands of evapo- 
ration and transpiration. In these areas progressive downward trends of 
ground-water levels have been noted. Even in these areas, however, it 
is encouraging to note that in years such as 1935, when precipitation was 
more nearly normal, there was a general tendency for recharge of ground 
water to take place. It is confidently expected that eventually ground- 
water levels in these areas will return to normal except in localities of heavy 
pumping from wells. 

ALLEVIATION OP DROUGHT 

Man can do little to modify the natural climatic phenomena that 
combine to cause droughts. He can, however, do much to lessen their 
impact on his activities through foresightedness in maintaining hold-over 
storage; in digging deeper wells or in lowering intakes to ground-water 
supplies; in adopting all practices known to conserve water; in limiting 
or adjusting economic development to assured sources of water supply; 
and in adopting a mode or scale of living in conformity with the dictates 
of nature. 

In humid areas the normal excess of water is such that the mainte- 
nance of reliable water supplies is rarely a serious problem. From east 
to west, however, the residual between rainfall and runoff becomes less 
and less and the problem of its conservation becomes greater and greater. 
In much of the subhumid plains area water conservation revolves around 
the saving of as little as an inch or less of water. In such areas complete 
control of all surface runoff through strip cropping, terracing, and other 
measures of soil conservation, or storage in farm ponds, back of check 
dams, and in water holes will normally involve annually less than half an 
inch of water. The portion of this half inch that escapes evaporation 
forms an increment to soil moisture, and where the geologic conditions 
are favorable the small part that percolates through the zone of soil mois- 
ture aids in maintaining a ground-water table. In these plains areas the 
outflow from ground water that appears as stream flow may be consider- 
ably less than half an inch. This amount of water if stored in reservoirs 
would provide for municipal water supply or if diverted would provide 
for a moderate amount of irrigation. Complete conservation and storage 
measures in much of the Great Plains area would thus involve an amount of 
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water sufficient in general to maintain domestic supplies but insignificant 
as a basis for crop production. 

In the arid and semiarid regions droughts relate largely to shortages 
in water supply for irrigation. Through the development of excess storage 
sufficient to retain the runoff from occasional large floods, through snow 
surveys and studies by which spring runoff available for storage can be 
forecast, and through close coordination of land use to available water 
supply, losses and suffering can be kept at a minimum. The greatest 
danger in such areas, however, results from man-made droughts through 
overdevelopment based on inadequate information as to what constitutes 
a reliable water supply. If development is based on runoff during years 
in which the precipitation may be above normal and sufficient to provide 
water supply at a ratio of 2 acres for every 100 acres of contributing area, 
serious economic loss will result during subnormal years when the yield 
from 100 acres may be sufficient to irrigate only 1 acre. 
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CHAPTER XIII 


PHYSICAL CHANGES PRODUCED BY THE WATER 
OF THE EARTH 

xiiia. introduction 
William H. Twbnhofel^ 

GENERAL CONDITIONS 

Water is one of the two most important of the media or agents of 
transportation of sediments, the atmosphere being the other. Water is 
considered to transport a greater quantity of sediments than the atmos- 
phere. The work of water involves the acquirement, transportation and 
deposition of sediments. Acquirement and transportation are usually 
termed “erosion.” Deposition is an essential process of sedimentation. 

All free waters on the land and most of the free waters in the rocks arc 
on their way to the sea or to some inland body of water. In passage the 
waters acquire burdens from the soils and rocks over and through whicjh 
they flow, and they thus perform the work of erosion. These acquired 
burdens are deposited over stream channels and flood plains, over the 
bottoms of the bodies of standing or impounded water into which the 
streams ultimately empty, and to some extent within the rocks themselves. 
The burdens carried consist of materials in solution and suwspensiou, of 
colloidal particles, and of material rolled or pushed on the bottoms of 
channels. The last is commonly designated the bed or tractional load, 
and the transportation is said to be effected by traction. 

The dissolved load is largely acquired by solution of materials in the 
soils and rocks over and through which the waters flow. Some is aciiuirod 
from the atmosphere. The colloidal load is acquired by contact of water 
with soil and rock containing colloidal materials or materials that may 
assume colloidal form on contact with water and contained substances. 
Suspended loads are acquired by abrasion, impact, grinding, or hydraulic 
action and transported because of turbulence in the water whereby 
upward-directed currents prevent settling. Transportation by rolling 
or sliding depends on the pushing and lifting effects of currents. 

Ability to transport materials in solution depends on the solvent 
power of the water for each material, and this ability is absolutely inde- 
pendent of velocity, as is also the ability to transport colloidal materials. 
Transportation of materials in suspension depends upon the dimensions, 
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specific gravities, and shapes of the particles and upon the velocity and 
turbulence of the water, and turbulence is directly or indirectly due to 
velocity. Particles of spherical shape are more difficultly transported in 
suspension than particles of other shapes, owing to the greater ease with 
which spherical particles settle. Large particles or particles of high 
specific gravity require greater velocity and correspondingly higher 
turbulence for transportation in suspension than small particles or particles 
of low specific gravity. 

According to Lane [4] an upward velocity of 1 centimeter per second 
is required to maintain in suspension a particle of quartz 0.1 millimeter 
in diameter, but only an upward velocity of 0.25 centimeter per second 
for particles 0.05 millimeter in diameter. Thus it is more difficult to 
transport large particles in suspension than small particles, and the degree 
of turbulence necessary for transportation of particles decreases very 
rapidly as the particles become smaller. 

Transportation by traction is also dependent upon velocity but is 
greatly modified by the shapes of the particles. Spherical and ellipsoidal 
particles are more readily rolled than those of other shapes. Particles 
of two large and one small dimension — that is, disk-shaped — may roll 
on edge if they are very thin; otherwise they travel at times by leaping 
or saltation, or they roll over parallel to one of the longer axes and finally 
may be expected to come to rest with the inclination of one of the longer 
axes upcurrent. 

Ability to transport in terms of the dimensions of the particles trans- 
ported is termed “competency;” ability to transport in terms of the total 
weight of the particles is termed “capacity.” Loads are quantities 
actually carried and are rarely equal to capacity. Both capacity and 
competency are affected by the density and viscosity of the water. Den- 
sity and viscosity depend upon the temperature of the water and the 
quantity of materials in solution and colloidal form and also upon the 
quantity of materials in suspension. Transportation by traction bears 
little relation to density. 

Any checking of velocity causes decrease of turbulence, settling of a 
part of the suspended load, and possibly transformation of that which 
settles to tractional load and cessation of movement of a part of the 
tractional load. 

Colloidal particles carry electric charges, and this load may be 
deposited when the colloidal particles become aggregated or flocculated. 
This takes place on contact of the transporting waters with other waters 
carrying electrolytes in solution, or waters containing colloidal particles 
carrying electric charges of opposite sign. This contact may occur at or 
below the junction of two streams or where streams enter the sea. It 
may also occur where streams enter lakes, particularly salt lakes. The 
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dissolved load may be deposited if chemical reactions take place to 
produce substances which for the existing conditions are relatively insolu- 
ble. The chief methods of deposition of dissolved materials, however, 
seem to be connected with organic processes. 

PROCESSES OF ACQUIREMENT OF LOAD 

Acquirement of load by flowing water is accomplished by both 
physical and chemical processes. Physical processes consist of wear or 
abrasion and impact, resulting from passage of water and its load over 
soils and rocks. The wear or abrasion produced by the direct action of 
pure water on rocks is not great unless velocities are high. Indirectly 
it may be great because of undermining. The wear on soils may be great, 
as particles may be detached from others by reason of expansion due to 
absorption of water and also by direct abrasion. The wear or abrasion 
may become great when caused by waters carrying such abrasive materials 
as silts, sands, and large particles, and is somewhat commensurate with 
the hardness of the abrasives carried and the softness of the rock or the 
soil acted upon. This is illustrated by the rapid cutting through of elbows 
in oil lines leading from wells that yield large quantities of quartz sand 
with their oils. As quartz is probably the most abundant abrasive 
material carried by water and is also one of the hardest of minerals, it 
follows that extensive cutting may be expected. Most of this is done on 
the surface, but a little may be done in caves. Impact on materials over 
which the water flows by particles carried in suspension or by traction 
also adds to load. 

Chemical load is acquired by solution or by decomposition followed 
by solution. Such rocks as limestone, gypsum, anhydrite, and rock salt 
are readily removed in solution by surface and ground waters, and as a 
result soluble rocks may have mazes of underground passages, as illustrated 
by the caverns of Virginia, the Mammoth Cave of Kentucky, the Carlsbad 
Caverns of New Mexico, and others. In rocks composed of relatively 
insoluble materials, such as granites or gabbros, decomposition first leads 
to destruction of the silicates, releasing both soluble and colloidal materials, 
both of which may be removed. 

FACTORS CONTROLLING RATES OF LOAD ACQUIREMENT 

The rates at which soils and rocks yield loads to aqueous transporta- 
tion depend upon so many variables that general statements are difficult. 
Important variables are the physical, chemical, and mineral character 
of the soils and rocks, the structure of the rocks, climate, plant growth, 
and slope or relief. 

Character of rock and soils . — There are great differences in the char- 
acter of rocks with respect to abrasion, impact, and grinding. Soft rocks 
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yield more readily than hard, brittle rocks more readily than tough, 
porous rocks more readily than compact, soluble more readily than insolu- 
ble. Such soft rocks as clays, shales, and limestones are readily cut. 
The absorptive capacities of rocks are important for two reasons. If 
their textures permit large absorption, there is much less water to flow 
off over the surface, and correspondingly physical erosion is reduced, as 
the absorbed water moves too slowly to have much effect. Rocks of 
high absorption are extremely susceptible to destruction in regions where 
freezing takes place, as the freezing of the water in the pores leads to 
rupture of the rock. 

The physical characters of the soils are large factors in the acquire- 
ment of load. Soils that have fine texture are composed largely of clay 
minerals in the dispersed condition. Not much absorption is possible, 
and water is thus forced to flow off over the surface and soil is removed to 
the extent permitted by other factors. If these same soils have the 
colloidal particles in a flocculated or granulated condition, their absorptive 
capacities are increased, runoff is decreased, and removal of materials 
through runoff is lessened. Soils that contain organic matter have higher 
absorptive capacities than otherwise similar soils in which organic matter 
is lacking, and thus they undergo physical erosion less readily. 

The chemical and mineral characteristics of rocks and soils may exert 
a greater influence in the acquirement of load than the physical charac- 
teristics, particularly with respect to the loads carried in solution. This is 
especially true of such soluble rocks as limestone, gypsum, anhydrite, 
and rock salts. Rock salts are soluble in any water. Waters containing 
carbon dioxide and the various organic acids and other acids derived from 
the atmosphere and decomposition are strong solvents for limestones and 
many minerals. Even such resistant minerals as the feldspars undergo 
some solution in waters of this class, and most minerals that are not 
readily soluble undergo decompositional changes, with the production of 
substances that are more readily soluble. Thus feldspars change to 
carbonates, hydrous silicates, and silicon dioxide ; and the ferromagnesian 
minerals restxlt in ferric hydroxides, silicon dioxide, and carbonates. The 
carbonates are soluble and may be removed as they are formed. The 
hydroxides, hydrous silicates, and silicon dioxide are colloids when formed 
and may be removed at the same rate. 

The chemical characters of soils are also important in determining the 
aqueous load. Soils that have been leached of soluble constituents are 
very likely to have the soil particles in a dispersed condition and thus 
poorly or nonabsorptive. This increases runoff and favors physical 
acquirement of load. Soils that contain soluble materials are likely to 
have the particles in a flocculated condition and thus have greater absorp- 
tive capacity and less runoff. 
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Rock structure . — Structural features of rocks that have influence on 
acquirement of load are the position of the stratification in sedimentary 
rocks and the extent of jointing and faulting in rocks of all kinds. Strata 
that are inclined permit the entrance of water more readily than strata 
in a horizontal position. Moreover, weak horizontal strata may be 
protected against aqueous attack by overlying resistant strata. Rocks 
broken by numerous joints and faults permit greater entrance and passage 
of water than those that are not so brqken. 

Climate . — Climate is extremely important in the acquirement of load 
by water. The most influential factor is precipitation, but the extent 
of acquirement of load is not a direct function of the quantity of precipita- 
tion. There is a direct effect resxilting from precipitation and also an 
indirect effect because of the plant cover, which is controlled by precipita- 
tion as the most important factor. The total quantity of precipitation is 
less important than the rate at which it falls. A fall of 3 inches of rain 
spread over a week, with a small quantity falling over most of each day, 
may have little erosive effect, whereas, if the 3 inches should fall in less 
than an hour on one day, the soils and underlying rock would be unable 
to absorb the water, the runoff would be great, and there would be acquire- 
ment of load to some degree commensurate with the runoff. If the 
rapid fall of rain should be coincident with or immediately follow thawing 
of the soil materials, the acquirement of load would be greater than at 
other times. However, it should not be forgotten that a spread precipita- 
tion does not altogether prevent acquirement of load, as the water that is 
absorbed and thus enters the ground acquires some dissolved and colloidal 
matter. 

Vegetable cover . — Some sort of vegetation develops on all lands that are 
not too cold and receive suflGicient moisture to support plant life. The 
living plants break the blows of the falling water, and the water drops more 
or less gently from leaves and branches upon the dead Utter that accumu- 
lates to a greater or less extent wherever plants grow. There the waters 
find lateral movement restrained or prevented. Passage over the surface 
is retarded, and time is provided for soaking into the substratum. The 
water is effectively filtered in its passage through the plant litter and thus 
enters the soil with little or nothing in suspension. Downward movement 
is aided by root passages and the numerous burrows made by the organisms 
that always dwell in greater or less abundance in all soils supporting plant 
growth. Runoff is greatly lessened and often prevented, and physical 
erosion of the surface ordinarily proceeds at a pace that is usually more 
than balanced by additions to the soil cover at its base through decomposi- 
tion of underlying rocks. A soil cover thus protected tends to be thick. 
Data do not seem to be available with respect to the merits of forest, 
bush, or grass in retarding runoff and the limitations in acquirement of 
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loads from these different growths. Studies [1] have been made of inter- 
ception and holding of water by certain grasses and weeds, and it was found 
in a series of experiments that fully developed wheat held 50 to 80 percent 
of the water that fell, depending on the rate of application; an open growth 
of needle grass on upland prairie retained approximately 50 percent of 
rain applied at the rate of a quarter of an inch in 30 minutes ; little blue- 
stem 50 to 60 percent when applied at the rate of half an inch in 30 minutes; 
big bluestem and tall panic grass 47 percent when applied at a rate of 1 
inch an hour and 87 percent when applied at a rate of an eighth of an inch 
in 30 minutes. Bind weed intercepted 17 percent when water was applied 
a the rate of half an inch in 30 minutes and 50 percent when an eighth of an 
inch was applied in the same interval. Buffalo grass retained 30' percent 
when half an inch was applied in 30 minutes and 74 percent when an 
eighth of an inch was applied in 30 minutes. Some of this water ultimately 
entered the ground, but most of it was probably evaporated from the 
plants. 

However, erosion is not prevented even if all the water enters the 
ground. The water in its passage through the plant litter acquires 
solvents in the form of carbon dioxide and organic acids and is thus well 
equipped to dissolve, or decompose and dissolve, the soils and rocks with 
which it comes into contact. Thus when the water returns to the surface 
at some lower level it has acquired a load in the form of dissolved and 
colloidal materials. 

Removal of a plant cover alters conditions. The soil loses its armor 
and has no protection against aqueous attack on its surface. "When 
rain strikes the defenseless soil, the water immediately becomes turbid 
with suspended matter, is absorbed by the soil and filtered of its suspended 
materials. The openings in the soil quickly become clogged, so that addi- 
tional falling water must flow away on the surface with consequent erosion 
of the soil. If a forest is cut away and the cutting is not followed by burn- 
ing or cultivation, the defense may be little impaired, but if either of these 
follow deforestation, the soil becomes defenseless. The same is true 
of cultivation of a prairie. Unless the defenseless soils are given artificial 
protection, physical erosion on the surface is inevitable, and large loads 
are acquired. The first few years of cultivation may not cause very severe 
damage, as the soil materials contain much humus, so that their absorptive 
properties may be considerable, but more or less proportional with 
disappearance of the humus are an increase in runoff, a decrease in 
infiltration, a relative increase in suspended and fractional loads, and 
a relative decrease in the dissolved load. The increased runoff and 
decreased infiltration also result in fall of the water table, development 
of intermittency of brooks and creeks, and decline of springs and shallow 
wells. 
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Grazing may have a somewhat similar but perhaps lessened effect, 
depending upon its extent. If the grazing is moderate, little harm may be 
done, but if extensive, the results may not be greatly different from those 
of cultivation. 

Slope or relief . — Movement of flowing water is a response to gravity, 
and thus the slope determines velocity of flow. A quadruple increase of 
slope causes a doubling of velocity. Abrasion, impact, and grinding are 
more or less direct geometrical functions of velocity and so likewise is 
ability to transport suspended and tractional loads. Suspended and 
tractional loads are much more readily acquired on steep than on gentle 
slopes, or, stated differently, the steeper the slopes, other factors being 
equal, the more readily is a surface eroded and a load acquired. 

EROSION AND DEPOSITION IN STREAMS 

Erosion in the streams is done on banks and beds. Pure waters do 
not have great effects, but waters provided with tools in the form of small 
to large particles have much erosive power. Most streams are crooked, 
and the currents alternately impinge on banks wherever the sides of 
channels are concave toward the streams. Crookedness favors turbu- 
lence, which in turn favors detachment of particles from banks and beds 
and also gives large increase in ability to transport the detached materials. 
Both banis and beds are eroded on the convex sides of currents (that is, 
along the concave banks of the bends), bottoms are deepened there to 
form the deeps, bends are extended into the flood plains, and thus the 
currents progressively become more convex. Turbulence is greatest in 
times of high water, and the deeps then attain greatest depths and the 
banks are also then most actively cut. At times of low water the currents 
may have little effect on either banks or beds, and deposition may take 
place where previously there had been erosion. 

The flow of streams may be lamellar or turbulent. The lamellar flow 
exists commonly only at low velocities and hence may be disregarded here. 
The turbulence arises from friction to flow caused by irregularities of banks 
and bed and from differences in velocity in different parts of the stream. 
For simplicity of consideration a stream may be considered to have one 
single thread of maximum velocity of flow. On each side of this thread 
are areas of maximum turbulence, and on the outer sides of these in turn 
are areas of less rapid flow and little turbulence. Turbidity bears a direct 
ratio to turbulence. From the areas of maximum turbulence there are 
turbidity gradients into the thread of maximum velocity of flow and also 
into the areas of little turbulence. In the thread of maximum velocity 
the sediments moving from the areas of maximum turbulence are carried 
downstream and deposited elsewhere. The sediments carried into the 
marginal areas of little turbulence may be deposited there, with greatest 
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deposition on the outer borders. In a straight stream with a channel of 
symmetrical profile the thread of maximum velocity may be expected to 
have a symmetrical position with respect to the marginal areas of maxi- 
mum turbulence and the quiet marginal waters. On the convex side of 
the current in a crooked stream the area of maximum turbulence is narrow 
but very strong, and there is little or no area of quiet water, whereas on 
the other side the areas of maximum turbulence and of little turbulence 
may be expected to be wide. The turbidity gradient drops very steeply 
on the concave side of the current, but on the convex side turbulence may 
extend both to the edge of the current and downward to the bottom of the 
channel [5]. 

Turbulence lifts sediments from the bottom, and in straight streams 
with symmetrical profiles the bottoms are deepened and the materials of the 
sides are undermined and drop to the bottoms, whence they are removed. 
The channels thus deepen and widen. In crooked streams where the 
area of maximum turbulence is on the convex side of the channel, there is 
deepening and widening of the stream channel on that side and deposition 
on the other side. The widening on the convex side is done by under- 
mining of the concave bank. The channel thus progressively becomes 
more crooked, and meander curves develop. The bottom of the stream 
progressively migrates over the area of travel. Bottoms change in depth 
owing to cutting in times of flood and filling in times of low water. Cut- 
ting prevails in degrading streams. 

The bank eroded is termed “undercut” and the other bank the “slip- 
off slope.” The bank of the slip-off slope is usually lower than that of the 
undercut slope, and the migration of a stream replaces the area eroded on 
one side by an approximately equal but somewhat lower area on the other 
side. Flood plains are thus lowered, and remnants of older flood plain.s 
may be left at asymmetrical levels on the valley sides. 

If streams bring to valley bottoms more than they can carry away the 
processes are somewhat different. Filling takes place more or less gen- 
erally over the bottoms of the channels. These may in time become filled 
to or even above the flood-plain surfaces, after which a new course is 
ultimately selected elsewhere. Cut and fill still take place, but the 
dominant process is fill. Under degrading conditions the dominant 
process is cut, the re.sult being that the channels have a considerable 
degree of permanence, although there is much lateral migration. Under 
degrading conditions flood plains are covered to a greater or less extent 
during times of high water; under aggrading conditions they are certain 
to be extensively covered during times of high water. At times of flood 
the turbulence is very high in the channels and much less at the banks. 
Thus maximum deposition takes place on and near the banks, and natural 
levees are formed. Natural levees are also formed in aggrading streams. 
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but deposition in the channels makes for instability of channel position 
and from time to time complete change of position. The results are that 
flood plains of aggrading streams are progressively buried beneath deposits 
of sediments. 

The mineral matter carried in solution, in suspension, and by traction 
is abundant and bears a relation in both quantity and quality to the 
various factors considered. The streams of areas with dry climate carry 
greater loads of suspended and dissolved materials than those of areas with 
humid climate, and cultivated areas provide greater loads of suspended 
and dissolved materials than uncultivated areas. Streams of such 
uncultivated areas as most of Newfoundland, where the climate is humid, 
rarely carry muddy waters, whereas those of dry uncultivated areas like 
New Mexico and Arizona may carry very large loads at flood times. The 
streams of cultivated areas in some sections of the country at flood times 
carry loads comparable to those of arid and semiarid areas, particularly 
with respect to suspended matter. 

METHODS OF EETARDING EROSION 

Under natural conditions, runoff and physical erosion of the surface 
are retarded by a cover of dead and living vegetable matter and by root 
and animal passages in the soil. These conditions favor entrance of water 
into the ground. However, aqueous erosion cannot be prevented as long 
as water has access to rocks and soils. If all the water were compelled 
to enter the soil and rocks, there would be little or no physical erosion but 
increased chemical erosion. Cultivation and intense grazing destroy 
the protective plant covering and eliminate the various passages made 
by organisms. To retain the soil, runoff must be artificially controlled. 
This has been done in many regions through the construction of terraces 
. by which the water is conducted from tops to bottoms of slopes by crooked 
channels, thus producing slow flow, little physical or surface erosion, and 
large infiltration. Dams have been constructed on many streams to pre- 
vent floods or to impound waters for irrigation or water supplies, for the 
maintenance of navigable waters or for the development of power. These 
dams have accomplished one or several of the desired objectives, have 
provided settling basins for sediments, and have prevented deposition on 
flood plains, but they have had little influence in preventing acquirement 
of load except that which might have been acquired from stream banks and 
beds if the waters had not been held back. The fundamental problem is 
prevention of erosion at the sources — that is, on the cultivated and pas- 
tured lands that are the places of stream beginnings. To retard such 
headwater erosion, vegetative covering of steep lands and removal of such 
lands from cultivation and close grazing are advocated. 
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WORK or GROUND WATER 

The work of the ground water consists of addition, subtraction (solu- 
tion, leaching), and replacement. Abrasion, grinding, and impact are 
accomplished to a minor extent in caves, but each is small and may be 
disregarded. 

Addition consists of the deposition of mineral matter from solution. 
This may be done in various kinds of small to large cavities in all places 
where these occur. Mineral matter may be deposited between grains of 
sand and particles of gravel, between and within shells, and in cracks and 
caves. Deposition between particles changes sand into sandstone and 
gravel into conglomerate. The cementing materials thus deposited may 
be any of those carried in solution, but the most common are calcite and 
quartz. The waters may be hot or cold; hot waters are not within the 
field of sedimentation. Most addition is probably effected below the 
water table, but there may be some above. For this reason the region 
beneath the water table has been termed the “zone of cementation,” in 
contrast to the region above, which has been termed the “zone of weather- 
ing or subtraction.” 

Subtraction, or leaching, is effected through solution. Pure water 
does not have much solvent ability for most soil and rock materials, but 
water provided with carbon dioxide and organic, sulphuric, nitric, hydro- 
chloric, hydrofluoric, and other acids has great solvent ability. These 
acids are acquired in the passage of rain through the air in falling, or from 
organic and soil materials through which the water filters after falling. 
Sulphuric acid is formed in the decomposition of sulphides, and some nitric 
acid may be formed in the decomposition of organic materials in the 
soils and from atmospheric discharge of electricity. Hydrochloric and 
hydrofluoric acids are discharged by volcanoes. Waters thus provided 
with solvents rather thoroughly leach the soils through which they perco- 
late. Thus, in general, the easily soluble materials are removed, and only 
those soil materials remain which are insoluble under the prevailing con- 
ditions. If the soils and rocks contain decomposable materials, these may 
change to hydroxides, carbonates, and hydrous silicates, and, if any of 
these substances are soluble, they are removed. It thus results that soils 
of regions with vegetative cover are composed of some combinations of 
iron hydroxides, clay minerals, aluminum hydroxide, and quartz. Under 
some conditions the iron hydroxides are reduced to iron carbonate, which, 
being soluble in waters containing carbon dioxide, is removed. In certain 
regions the clay minerals may separate into aluminum hydroxide and 
quartz, and the quartz may be removed, leaving a soil composed of ferric 
and aluminum hydroxides. Sandstone and conglomerate have cements 
which may be removed by percolating waters to leave sand and gravel. 
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Some limestones are sufficiently porous and pervious to permit circulation 
of water, and crumbling may take place as a consequence. In many rocks 
water is circulated along structural planes, and extensive solution takes 
place in such rocks as limestone, gypsum, anhydrite, and rock salt, so that 
these rocks become honeycombed by large and small passages. Rock 
salt is so soluble that it does not appear on the surface except in very dry 
climates. 

Replacement consists of the substitution of material in solution for 
something present in a rock, which in turn enters into solution. The 
principle involved is that a mineral that is less soluble under the existing 
conditions takes the place of one that is more soluble, the more soluble 
mineral entering the solution. Thus when water carrying silica flows over 
a carbonate the carbonate enters the solution and silica takes its place. 
The detailed structure of the replaced materials may be preserved. Thus, 
wood replaced by silica may show the cell structure excellently, as in fossil 
cycad trunks in the Jurassic Sundance formation of the Black Hills region. 
Certain constituents dissolved in hot magmatic waters may replace other 
constituents in rocks such as limestone. 

SEDIMENTATIONAL WORK IN IMPOUNDED WATERS 

The sediments brought into the lakes and the sea are introduced in 
part by the streams — in solution, colloidal form, suspension, and by trac- 
tion ; in part they are derived by erosion from the shores and bottoms of 
these bodies of water through the work of the waves and currents in them; 
and in part they are dropped by the atmosphere. The last are not here 
considered. 

The sediments introduced by streams into impounded waters drop 
the fractional loads’ and the coarsest materials of the suspended loads as 
the current velocities decrease on meeting the resistance of the impounded 
waters. In some places the currents and waves of the impounded waters 
aid stream currents, so that the sediments are not immediately dropped 
but are carried some distance from the shores. Ordinarily the coarser 
parts of the loads are left adjacent to the mouths of streams to form what 
are known as the top-set, fore-set, and bottom-set deposits of deltas. 
Where the currents of bodies of impounded water aid the entering currents 
of streams the loads are carried beyond the mouths of the streams and are 
deposited to become a part of the offshore deposits. 

The finer parts of the suspended loads and the materials in colloidal 
suspension float until flocculated into sufficiently large particles so as to 
sink under the influence of gravity. Flocculation takes place on mingling 
of stream waters with other waters containing electrolytes in solution or 
colloids of electric charges opposite to those on the particles in suspension 
in the stream waters. It is certain to take place in the sea, where fresh 
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and salt waters mingle. Flocculation may be confined to a very small 
area if the waters are mingled rapidly. Under some conditions, however, 
the currents extend long distances into bodies of salt water, the fresh 
water because of less density flowing above the salt water, so that floccu- 
lation of the colloidal sediments takes place gradually and over an extensive 
area. Thus fine sediments may be carried tens and even hundreds of miles 
from the mouths of large streams. Flocculated particles contain large 
quantities of water and are hence of low density. Thus, they float readily 
in waters of little turbulence and may be transported long distances and 
may ultimately be deposited far from the places of entry; indeed, their 
deposition may be ocean-wide. 

The colloidal loads of streams and their loads of fine materials in sus- 
pension consist of hydrous aluminum silicates, aluminum hydroxide, ferric 
hydroxides, manganese hydroxide, silicon dioxide, and rarer substances. 
Some of these have the capacity for ba.se exchange and hence are changed 
in character when stream water mingles with salt water. If the settling 
takes place where the coarser parts of the suspended load and the trac- 
tional load are deposited, the colloids and fine suspended material are 
mingled with the other materials, but, if the colloids do not readily settle 
after flocculation or if flocculation is postponed until the other parts 
of the load are laid down, they may make a relatively pure depo.sit. It is 
also possible that under some conditions only colloidal and very fine 
materials are transported, and thus pure deposits are formed. 

The dissolved loads are precipitated to some degree by chemical 
reactions and evaporation, but chiefly by organic processes. As transpor- 
tation in solution is relatively easy, it follows that deposition is ocean- 
wide and there is little relation between the place.s of entry and the places 
of deposition. 

The sediments derived from the shores and adjacent .shallow bottoms 
are produ(;ed through the work of waves and currents in abrasion and 
impact, but there is some solution and also some decomposition of the 
materials. Impact and abrasion continue after dislodgement, there is 
grinding or crushing and materials ranging from colloidal particles to 
boulders are produced. 

On most shores waves roll in with force related to the winds that cause 
most of them and to the size of the water body in which they are present. 
Large waves are rarely produced on small bodies of water. Wave.s .strike 
shores at some angle that is seldom directly normal for any great distances. 
The energies of the waves are dissipated as they roll up the beaches or 
over shallow bottoms, and the water flows back under the influence of 
gravity. The velocity of the backward flow is ordinarily less than that 
of the onrush, hence the capacity and competency of the returning waters 
are less than those of the incoming waters. Incoming waters loaded to 
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capacity and competency leave the coarsest materials on the beach, 
and even if they are not loaded to capacity they carry particles up to the 
extent of their competency and hence leave the coarsest parts of their 
loads on the beach. Only that which is within the range of competency 
of the returning waters is returned. 

Waves and currents cut the bottoms to some level which is deter- 
mined by the existing conditions. This is the baselevel of erosion for those 
conditions and is by some termed “wave base.” 

The backward-flowing waters form shore currents or undertow'. The 
shore currents flow more or less parallel to the shores if the waves strike 
the shores obliquely. Thus they may carry sediments into the heads of 
bays to build bayhead beaches, or they may cross bays to build spits and 
bars. 

Undertow, or movement of water outward, should take place on shores 
where the incoming waves are about normal to the shores, or in bays 
into which currents are moving on both shores. As the movement of 
waves is rarely normal to the shores, it should follow that undertow from 
such causes is rare. If currents move into a bay on both shores the water 
may be expected to return outward over the deeper parts of the bay. 
Such movement is known to be very strong at times and to have much 
competency and capacity. The currents coming into a bay may have less 
competency and capacity than the outgoing waters, and hence the bay- 
head shores may be eroded and coarse sediments may be carried outwmrd 
to be deposited in the deeper parts of a bay and even beyond the threshold 
of a bay, whereas the shallower bottoms on the sides of the bay may con- 
tain finer sediments. 

Water carried landward by waves is also returned seaward by rip 
currents which are seaward-moving bands of surface waters. These 
carry loads of suspended fine sediments outward from the shore (6). 

If a sea bottom is up to the level at which waves and currents may 
erode it, the waves may break some distance from the shores, and ulti- 
mately there may be formed a barrier beach inland from the places of 
breaking. However, as the waters are deepened by erosion of the bottom 
outward from the barrier beach, the beach may ultimately be attacked and 
removed and its composing materials carried to deeper bottonas. 
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XIIIb. soil erosion 


Harry R. Leach ^ 

In the geomorphic development of land forms and drainage channels, 
water is the chief agent of land sculpture. Coincident with or following 
geologic uplifts and movements, erosional processes become active in 
sculpturing mountain massifs, dissecting plateaus, carving canyons, and 
developing other land forms. From the initial disintegration of crystal- 
line rock by exfoliation and hydrolysis to the ultimate assortment and 
consolidation of sediments in the sea, water plays a remarkable r61e. 
Rock surfaces are disintegrated by the action of water, frost, and ice as a 
preliminary step to soil formation. Decomposition of mineral crystals 
and granules begins with hydrolysis, which leads to solution and hydration 
and to the breakdown into finely divided material. The products of these 
processes are transported from their source to their final resting place 
mainly through the work of ice and water. 

The development of the soil and its subsequent natural erosion is but 
part of the long cycle of geologic and geomorphic processes that slowly but 
continuously circulate the material forming the surface of the lithosphere. 
It is, however, that phase of the cycle which most intimately affects man- 
kind and his welfare. The more majestic and spectacular erosional work 
of water shown in the sculpturing of high mountain peaks and deep 
canyons is of relatively little economic importance in comparison with 
the depletion of agricultural lands by accelerated erosional processes ; and 
the preservation of irreplaceable productive soils is a matter of grave con- 
cern. The present discussion is therefore confined to erosional processes 
and their-control on such lands. 

As early as the middle of the eighteenth century a few of the more 
observing planters in the United States recognized the growing menace 
of uncontrolled erosion to their lands, but it is only within the last two 
decades that the general public has awakened to the irreparable conse- 
quences that follow -the careless and unintelligent use of productive lands. 
In 1935 the Soil Conservation Service of the Department of Agriculture 
published a map and supporting tables showing the extent of erosion in 
the United States. These were based on a reconnaissance survey deline- 

‘Soil conservationist, Head, Section of Land-Use Studies, Hydrologic Division, Soil 
Conservation Service, United States Department of Agriculture, Washington, D. C. Died 
June 24, 1941. 
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ating areas affected by erosion. The approximate areas affected by 
different types and degrees of erosion are given in the following table. 


Areas within which at least 25 percent of the land has been affected by erosion 
[Reconnaissance erosion survey of the United States, 1935] 


Type and degree of erosion 

Million 

acres 

Percent 

Little or no erosion 

576 

30.3 

Moderate sheet and gully erosion 

776 

40.7 

Severe sheet and gully erosion 

193 

10.2 

Principally wind erosion 

213 

11.2 

Mountains, badlands, mesas, canyons 

145 

7.6 

- - 

Total, excluding large cities and bodies of water 

1,903 

100.0 


In this table “moderate sheet erosion” designates a loss of 25 to 75 
percent of the topsoil. “Severe sheet erosion” indicates a loss of 75 to 
100 percent of the topsoil and in some areas part of the subsoil. Both 
processes affect areas having scattered gullies. “Severe gully erosion” 
indicates the formation of numerous gullies, generally deep, usually 
accompanied by more or less sheet or wind erosion, processes which in the 
more arid regions are generally active. 

The widespread extent of erosion on agricultural lands has led the 
Federal Government to initiate investigations into the underlying causes 
of such erosion and the measures by which it can be stopped or controlled. 
It has been found that the normal geologic erosion has in most areas been 
greatly accelerated by the detrimental farming practices used on the land 
and that much of this damage can be corrected by moderate changes in 
the practices. 

The character of the soil itself greatly affects its susceptibility to 
erosion. The soil is a product of the material from which it was derived 
and the environment under which it developed, and the environment is 
the more influential in determining its characteristics. The unceasing 
physical, chemical, and biologic processes that have gradually changed 
the parent material into the present-day soil have been profoundly affected 
by climatic and physiographic environment. The influence of climate 
has been exerted through numerous factors, including the extent and fre- 
quency of wetting and drying of the soil, the amount of precipitation that 
has infiltrated into and percolated through the soil body, the soil tempera- 
ture and its stimulus on biotic activity, and the kind and density of the 
vegetation the soil has supported. Topography has affected the drainage 
of the soil and likewise its stability against creep and slippage. The 
vegetal cover has not only profoundly modified the composition and 
structure of the soil but has protected it from the erosive agencies of wind 
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and water and given it increased stability. Both of these effects have 
fostered the uninterrupted continuance of soil-forming processes. 

Throughout the greater part of the United States the soil is between 
2 and 10 feet in depth. Areas where the soil is less than 2 feet or more 
than 10 feet deep are relatively small. The manner in which the soil has 
been formed has led to the development of a profile — the vertical section 
from the ground surface to the parent material — consisting of a series of 
successive layers that grade from the more or less thoroughly changed 
surface layers to the but slightly changed layers lying on the parent 
material. 

It is in the uppermost layers, the topsoil, that the complex processes 
of soil development have been most active. This is the mellow, fertile, 
productive layer that furnishes the bulk of the plant food for crops. There 
is an almost abrupt change in fertility and productivity from the topsoil 
to the subsoil on which it rests, and the change is much more pronounced 
in cropped lands because of the limitation imposed by the depth of plowing 
on the stirring, mixing, and fertilizing of the soil. This underlying sub- 
soil, however, performs an invaluable service in providing a reservoir for 
the storage of soil water from which the plants may draw needed moisture. 

The topsoil generally averages about 7 or 8 inches in depth. The 
relative infertility of the subsoil makes the loss of the topsoil of major 
economic importance, because even with intensive effort the productivity 
of the subsoil can be made to approach that of the topsoil only after a long 
period of time. The loss of topsoil is the greatest factor in reducing valu- 
able crop lands to the status of marginal or submarginal lands. Under 
such circumstances the agrarian population gradually migrates to virgin 
or fertile tracts, while the abandoned lands with their more sparse and 
inferior vegetal cover are left subject to the accelerated effects of erosion. 

The principal types of water erosion are sheet erosion and gully ero- 
sion. Both may be operative within a single tract, but the dominant type 
is usually used as the basis of classification. 

Sheet erosion is the process of slowly removing soil from all parts of 
the sloping surface of a field or tract, resulting in the gradual planation of 
the entire surface. It is naturally more active on the steeper and more 
exposed parts of the area, and in these parts the topsoil has suffered its 
greatest loss, not infrequently having been entirely removed, leaving the 
subsoil exposed. Erosion of this type frequently manifests itself in dis- 
colored, galled spots, areas of less vigorous crop growth, accumulations 
at the foot of slopes, and discernible soil and vegetal differences. Sheet 
erosion is caused by storm runoff that develops innumerable rills and 
streamlets, which score the surface with more or less minute channels. 
The scars and channels thus developed are subsequently eradicated before 
they can stabilize into permanent rills, gullies, and watercourses, either 
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by tillage operations or through the resistance and choking by natural 
vegetation and soil wash. This recurring process causes the gradual 
planation of the land surface without definite change in configuration. 
Sheet erosion is much more widespread than is generally suspected, because 
the gradual loss is not easily observed from year to year except as the loss 
of fertility is reflected in poor crops. Sheet erosion is illustrated in 
Figure XIIIb-1. 

Gully erosion consists of the development of relatively deep, steep- 
sided channels from small rills and watercourses that have not been 
eradicated by tillage and have become too deep to permit normal farming 



McLennan County, Texas. 

operations. They are caused by concentration of runoff waters on steep 
slopes and the high erosive power in the large volumes and rapid velocities 
of the concentrated flows. Two rather distinct processes are involved— 
the cutting back of the head of the gully, by torrential runoff in intense 
storms, and the undercutting and caving of the sides by moderate but 
more protracted runoff. Conditions conducive to gully erosion are steep 
slopes, main watercourses materially lower than the surrounding terrane, 
and high rainfall intensities. Gullies are frequently cut back from the 
steep hillsides of a stream or flood plain into the relatively flat but higher- 
lying agricultural lands. They may also develop in cultivated fields from 
careless field operations that allow concentration of runoff or provide a 
channel more accessible for rapid runoff. They may develop in a rut 
caused by a wagon wheel driven up or down hill on soft ground. Gully 
erosion is illustrated in Figure XIIIb-2. 



Fig. XIIIb“ 2. — Beginning of gully encroachment on farming land, Houston County, Minn. 

slope on which it lies. Up -to a certain point soil moisture is an important 
factor. Owing to the fact that cohesion is reduced by lack of moisture, 
soils are more erodible when dry than when moist or damp. This con- 
dition is not unusual in subhumid and semiarid regions where dry periods 
are frequent. More obscure factors are the organic and colloidal content, 
the dispersability of its textural components, the presence of minerals 
promoting flocculation, and other factors whose importance is not yet 
fully known. 

The erosive power of rainfall and runoff arises through the dissipation 
of the energy possessed by the falling raindrops and the water flowing 
over the soil surface. In rains of suflftcient intensity to produce surficial 
runoff the energy expended by the rain falling on a slope of ordinary length 
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The process of erosion is directly dependent on three factors — the 
erodibility of the soil, the energy of the erosive agents, and the protective 
influence of the vegetal cover. In water erosion the erosive agents are 
precipitation and runoff. 

Erodibility of the soil is its susceptibility to erosion. No satisfactory 
measure of erodibility has yet been found. It is known to depend on 
several more or less intimately related factors, the chief of which appear 
to be the structure of the soil, its stratification and depth, the permea- 
bility of the upper horizons, and the amount of instability created by the 
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may and usually does exceed the energy expended by the runoff. The 
erosive power of raindrops definitely increases with the size of the drop, 
but what little evidence there is indicates that in a given locality there is 
only a slight increase in drop size with increase in intensity. The increase 
in drop velocity, however, combined with the greater mass of rain, 
increases the erosive power of rainfall at a rate greater than the increase 
in intensity. Surface soil packing by the impact of rain and clogging of 
soil pores by sediment carried in the infiltrated water introduce secondary 
effects that modify the erosive action of rainfall. 

The erosive power of runoff is derived from the turbulence possessed 
by the flowing water. Laminar or stream-line flow, having no turbulent 
motion, is not erosive, but it is improbable that any part of the surfieial 
runoff during a storm is ever laminar. The impact of faliijig rain and the 
relative roughness of the surface over which it flows maintain a state of 
turbulence that precludes the presence of stream-line flow. Turbulent 
motioir causes both the lessening and scouring of the surface soil and the 
transportation of the abraded material. The erosive power of runoff 
increases rapidly with increase of the volume and velocity of flow. On 
steep slopes erosion may be produced by direct impact of runoff, this 
effect ranging from undercutting of dense .sod cover to scouring and under- 
mining at the heads of large gullies. The capacity to produce erosive 
action can be called potential erosivity. It is dependent on the combined 
energy of the rainfall and runoff but is not entirely independent of the 
character of the surface on which it acts, as surface roughness causes part 
of the turbulence that makes the runoff erosive. 

The intimate relation between the intensity of rainfall and the rate 
of runoff it produces renders the isolation of single factors and their 
experimental probing diflBcult, even on bare soils. In general, h\gh rates 
of erosion are prorhoted by loose, friable soils, steep slopes, high rainfall 
intensities, intricately dissected topography, and sparse cover, and the 
improvement or reduction of any of these factors results in more or less 
decrease in the erosion rate. The amount of erosion is dependent on the 
factors that affect the rate and on the duration and frequency of storms 
and the depth of the soil. 

The protection against erosion given to a soil by its vegetative 
cover is effected through the binding force of the root system, the dissipa- 
tion of rain impact by the aerial canopy, the retardation and detention 
of runoff by ^ plant stems and root crowns, and the reduction of runoff 
through the increase in infiltration caused by the more open soil which a 
good cover promotes. The effectiveness of vegetal cover is dependent 
on the kinds of plants composing it and their density, condition, and 
stage of growth. It ranges from the complete protection found in mature 
forests witli imdistnrfeed litter and in dense grass sods to the negligible 



612 


HYDROLOGY 


protectiou given by the sparse xerophytes of semiarid and arid regions. 
The seasonal changes that plants undergo during their normal growth 
introduce somewhat corresponding seasonal variations in their effective- 
ness, but these are more pronounced for agricultural crops than for 
natural vegetation. Climatic cycles embracing series of consecutive wet 
or dry years introduce hazards that often adversely affect vegetal cover. 
This is particularly the case in subhumid and semiarid regions, where a 
series of drought years may so seriously dwarf or deplete the natural 
vegetation as to render it wholly ineffective as a protective cover. 

Measures by which erosion on the agricultural lands utilized for 
cropping and grazing can be mitigated or eliminated involve not only the 
more effective handling of cropped lands but also a complete change in the 
use of tracts not suitable for intensive farming. Due account must be 
taken of the fact that clean-tilled row crops, such as corn, cotton, and 
tobacco, although seriously conducive to erosion, are nevertheless essential 
to the national economy, and the acreage devoted to them is controlled 
mainly by economic considerations. The initial step in introducing 
erosion-control measures is the development of a land use plan that takes 
into account, among other things, the agriculture of the region, the 
adaptability of the different land tracts to various types of farming, the 
use of appropriate control measures on cropped lands, and the withdrawal 
of lands unsuited for cultivation, because of their steep slope or other 
characteristics, from annual cropping and the substitution of protective 
perennial cover. 

Erosion-control practices hinge on the establishment and maintenance 
of protective vegetal covers and the reduction of the volume and velocity 
of runoff. On farm lands withdrawn from cultivation permanent cover is 
established by reforestation and the seeding of permanent meadows and 
pastures. Crop rotation is used on cultivated lands to prevent the 
continuous planting of clean-tilled row crops on the same tracts and to 
improve the quality and condition of the soil. On rolling lands terraces — 
low, broad-based dikes 18 to 30 inches high running nearly parallel to 
the land contour — are used to reduce the velocity of runoff and divert 
it to safe outlets. On steeper lands bench terraces giving the hillside a 
stephke appearance are sometimes used. Contour cultivation — furrows 
coinciding ■ with the contours — increases infiltration and reduces runoff. 
Gully control is practiced by diverting runoff away from the head of the 
gully, stabilizing and protecting the sides with vegetation, and using small 
structures to prevent undercutting. Numerous other practices are 
applied, but intensive measures are necessarily confined largely to the 
more productive lands. 

The protection of the great tracts of unoccupied or sparsely populated 
forest, grazing, and idle lands presents a much more difficult problem, 



because on such tracts the widespread use of the intensive practices applied 
to farm lands is out of the question. Furthermore, the seeding and 
reforestation of any great proportion of these lands are not feasible. 
The only practical approach is prevention of the abuse and destruction 
of the natural cover. Fire protection and the control of cutting in timber 
and woodlands and the prevention of overgrazing on range lands all 
contribute to the preservation of the natural vegetation. On the range 
lands of the semiarid regions, however, climatic cycles bring serious 
hazards, and a series of dry or drought years can deplete almost to the 
extent of complete obliteration the short-grass vegetation of the region. 

Aside from the protection of agricultural lands, erosion control 
may be considered in relation to other situations affecting a region. 
Surface erosion and soil wash account for much of the sediment carried in 
many streams and rivers during flood periods. Where the sediment 
carried is sufficient in amount to cause damaging deposits on fertile flood 
plains, material shortening of the useful life of storage reservoirs by 
sedimentation, or heavy sedimentation in the channel, which seriously 
affects the utility of the stream, erosion-control measures may be con- 
sidered in relation to their ability to reduce the silt load. In such situa- 
tions the improvement of the agricultural value of the lands on which 
the measures are used may in some localities be a minor consideration, 
although control measures that are effective in substantially reducing the 
silt content of the stream can hardly fail to effect a marked improvement 
on the lands. 
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XIIIc. MECHANICS OF RIVERS 


Lorenz G. Straub^ 

PHYSICAL CHARACTERISTICS 

• 

Rivers differ greatly from one another in their physical characteristics 
and general behavior; hardly two can be found alike. The characterizing 
elements are so interwoven that it is extremely difficult if not impossible 
to describe them independently. The variation in mobility of the stream 
bed together with variation in discharge, both over wide ranges, results in 
exceedingly complex phenomena of a progressively changing nature. In 
their natural condition rivers seldom reach a state of equilibrium, 
even over short stretches. A state of change is the rule rather than the 
exception. 

The nature of the source region of a river has a very significant relation 
to the behavior of its main stem, because the conduct of the river with 
reference to variation in the hydrologic cycle and sedimentary load is 
largely dependent thereon. Certain fundamental principles are evident 
as a result of long studies of river behavior under varying conditions of 
flow. These principles indicate definite relations between the fall, width, 
depth, and rate of discharge of a river. 

In the source region the quantity of water is small, but it flows down 
very steep slopes. Here the detritus is of greatest diameter and is carried 
by small quantities of water in much greater masses than is possible farther 
downstream. On the other hand, the movement of heavy sedimentary 
load in the upper course is much more intermittent than in the lower 
course. In general the slopes of the source streams are steep and flatten 
progressively as the middle watercourse is approached, while the water 
discharge and sedimentary load normally increase. However, as the 
quantity of water increases in a much greater measure than the quantity 
of solid material, the relative proportion of detritus usually becomes 
smaller toward the river mouth. The width and depth of the watercourse 
also increase, while the gradient continually becomes flatter. These 
changes continue in the same manner as far downstream as the main 
stem of the lower course. The quantity of detritus does not necessarily 
increase as the lower stream is approached. Lakes that are present in the 
courses of some rivers act as clarification basins, such as Lake Pepin on the 

^Professor of hydraulics, University of Minnesota, Minneapolis, Minn, Assistance in 
the preparation of this section was furnished by the personnel of Work Projects Administration 
official project No. 65-1-71-140, subproject No. 326. 

614 



PHYSICAL CHANGES PRODUCED BY THE WATER 


615 


Mississippi River, Lake Constance on the Rhine, and also artificial lakes 
such as Lake Mead on the Colorado River and the Fort Peck Reservoir 
on the upper Missouri. Such lakes may reduce the amount of both sus- 
pended and bed loads. 

At the mouths of rivers discharging into the ocean, because of the 
influence of varying tides, the conditions may be entirely different from 
those prevailing elsewhere. Here the current is intermittently reversed 
in direction. As a general rule, however, in river stretches not influenced 
by the sea or intermediate lakes there is usually a gradual decrease in 
slope together with an increase in flow, width, and depth from the source 
to the mouth. 


RIVER BEDS 

Rivers are not always characterized by a uniformity of the stream 
bed. Branching commonly occurs, also vague loops and serpentines of 
the course. Bed forms and gradients that are suited to the nature of a 
river in some regions may be impeded in their formation where the river 
passes through terrane involving swamps or rock formations that lie 
between the stream source and the point of discharge. Gradual variations 
are characteristic, but individual stretches often deviate from the rule. 
Rivers, particularly those which undergo wide variations in discharge, are 
observe<jl to change their regimen continuously. Space does not permit 
detailed discussion of these vagaries ; suffice it to say that for each condition 
of flow there is a new regimen which the river approaches but never 
reaches, because the influence of time lag does not permit establishment 
of equilibrium before a new and changing condition of flow is encountered. 

The reason for rivers “running wild” in their natural condition lies 
in their tendency to seek a state of equilibrium through the irregularities 
of gradient and terrane they traverse. Thus an obstacle found in a 
stream — a stranded tree, for example, or a gravel bar deposited by a 
rapidly subsiding high-water stage — forces the water of a straight stretch 
to the opposite shore. Here the water washes out a widening, thereby 
causing the start of a bend. The flow does not follow the old direction 
downstream after passing the newly formed bend but takes an oblique 
course. To attain equilibrium the stream must attack the shore on the 
other side below the obstruction, and here, if the shore material is erodible, 
it forms a new bend. If the shore material is hard, the bend continues 
to be one-sided; generally, however, the first bend develops a sinuous curve 
involving a succession. of bends farther downstream. It seldom happens 
that a curve is followed by a straight stretch of any considerable length. 

As the water tends to flow in a rectilinear course, it continually 
impinges on the concave shore, where a large depth is attained and scour 
occurs ; at the convex side sedimentation takes place and sand banks are 
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formed. (See Fig. XIIIc-1.) Thus under normal conditions the stream 
continually scours the concave side and deposits material on the convex 
side. River bends in this way continually move forward. The speed 
with which they move depends, of course, among other things, upon the 
erodibility of the stream banks and the nature of the hydrologic cycle. 

In uncontrolled rivers fantastic nooses and loops often develop. 
These courses remain intact during long periods of low water; but in a 
period of high water, particularly when this is followed abruptly by 
another low-water period, the river often fails to return to the naturally 
created course. The high-water flow breaks through narrow necks of 
land between successive loops. In this way new river reaches are formed. 
The former loops become detached abruptly from the channel and then 
become filled progressively by sedimentation — at first rapidly, then more 



slowly, depending upon the frequency of overflow stages of the river. The 
Mississippi River and many of its tributaries show the 'remains of such 
action by the existence of crescent-shaped lakes which formerly were bends 
of the main channel of the river. 

The route of strongest flow of a river is referred to as the channel line 
(Fig. XIIIc-1). It usually coincides or nearly coincides with the thalweg, 
which is the line joining the points of greatest depth. Both lines alternate 
from one bend to another, from one shore back to the other. Between 
bends, where the depth is relatively great, the river traverses “crossings” 
where the depth is relatively shallow. In the normal cycle of flow during 
high-water periods the bed within the bends is scoured deeper, while at 
the crossings or transitions between bends the level of the bed rises (fig. 
XIIIc-2). During the succeeding lower-water period the bends are sub- 
jected to sedimentation and a rise of the stream bed, while the crossings 
are scoured to lower levels. 




The rise of a crossing becomes particularly troublesome on many 
navigable rivers. Upon the return of a low-water period following a long 
period of high water, it becomes necessary at many crossings on navigable 
rivers to dredge a channel through the crossing in order to provide suffi- 
cient draft for commercial shipping. 



MODE OF MOVEMENT OF DETEITUS 

The mode of detritus movement in natural watercourses is complex. 
In some rivers having relatively steep slopes for their size and fine-grained 
alluvial material forming the stream bed general transportation of the 
material takes place even at very low stages, but in most rivers uninter- 
rupted movement of detritus usually occurs only at high water. The bed 
load for this situation follows the shortest path — that is, the particles move 
from one convex shore to another, the transition between two bends 
apparently being crossed diagonally (Fig. XIIIc-1). This situation was 
long attributed solely to the condition of helical flow, which is more or 
less pronounced at bends (Fig. XIIIc-3). In the region of higher velocity 
near the water’s surface the flow is inclined toward the concave shore of 
the bend — that is, on the convex side of the stream — v/hile in the lower 
portion of the stream near the bed the flow is inclined toward the convex 
shore. The length of the helix is ordinarily many times the breadth of 
the river. More recent studies seem to indicate that this is not the com- 
plete explanation of the phenomenon [16]. The particles of sediment seem 
to move at an inclination transverse to the channel at an angle greater 
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Fig. XIIIc- 3. — Helical flow in bend of river. 


than the resultant dii'ection of water flow near the stream bottom [32]. 
A turbulence theory provides a more complete explanation of this phe- 
nomenon, particularly for rivers that are very broad and therefore rela- 
tively shallow. The velocity of the stream and also the intensity of 
turbulence are greatest near the concave shore of the bend. This pro- 
duces higher scouring capacity and more intense components of turbulent 

pulsation than near the convex 
shore. The result is a greater 
capacity for picking particles from 
the stream bottom near the concave 
shore. Once these solid particles 
are picked up they are distributed 
in all directions by a process of 
turbulent diffusion. Hence near 
the convex shore, where the intensity of turbulence is less, the capacity for 
holding particles in suspension is also less because of reduced vertical com- 
ponents of turbulence ; so while moving downstream the particles are also 
moved sideways by the diffusion of turbulence and tend to follow paths 
inclined toward the regions of lower turbulence. This theory also provides 
an explanation of the sorting transverse to the direction of flow. As the 
intensity of turbulence is reduced, particles of finer grade are deposited. 
Thus the process of lateral dispersion in the direction of lower turbulence 
combined with deposition in the regions of lower turbulence results in a 
gradation from coarse to fine sediment in river bends from the deep of 
the pool to the edge of the convex shore. 

A fairly complete explanation of the phenomenon of bed-load move- 
ment along the course of a serpen- 
tine river is probably provided by 
a combination of the helical-flow 
theory and the turbulence theory. 

In deep and relatively narrow 
channels the motion of the sedi- 
mentary load along the stream 
bottom is probably influenced 
more particularly by helical flow, but in broad shallow channels the 
turbulence is probably the principal cause. In reaches and at crossings a 
double helical flow is observed (Fig. XIII c-4), but the maximum turbulence 
is also found near the stream bed at the two low troughs on opposite sides 
of the channel [16]. 



Fio. xnio-4.- 


“Transverse flow in reaches and at 
crossings. 


RIVEE GRADIENT 

The gradient of a river — that is, its hydraulic slope — changes con- 
siderably with stage (Fig. XIIIo-2). Obviously the total drop in the 
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gradient over a long stretch, of river cannot change appreciably, regardless 
of the variation of discharge. Local changes, however, can be very pro- 
nounced. The gradient at pools (which develop at bends) and transitions 
is approximately uniform at high-water stages. With the return of a low- 
water stage the least resistance to flow is met in the deep sections of bends. 
Conversely, at high water the detritus is carried over the crossings from 
one concave shore to another. The bends are separated by crossings that 
are built up during high water. In effect these diagonal crossing bars act 
somewhat as low submerged dams, so that there is a steep gradient at the 
crossing. The high velocity so developed at the crossing results in scour- 
ing of the bar and deposition of particles in the pool beyond. Under 
some conditions a selective process develops, the result being that the 
finer particles are transported into the pool and the coarser materials are 
left at the crossing, so that the crossing becomes “armored” with a highly 
resistant layer of gravel [25]. In this way a state of equilibrium is pro- 
duced during the low-water period, with virtually no further change in 
conformation of the stream bottom. The river becomes a succession of 
pools and shoals. In small rivers with gravel beds and serpentine courses 
the variation in gradient along the river channel is obvious during low- 
water periods, because the drops in elevation at the shoals are pronounced; 
in large rivers having fine-grained beds the situation is less evident to the 
naked eye but can be determined by hydrographic surveys. 

Not always is the low-water temporal state of permanence entered 
into by a river immediately after the subsidence of high water. The 
nature of the river or the cycle of events preceding the return of low water 
may result in a complex readjustment before a reasonable state of equi- 
librium can be attained. Thus caving banks, redistribution of sedimen- 
tary deposits in the channel, and erosion of crossings are sometimes 
extensive on alluvial rivers during the early days of the low-water season. 

The foregoing brief descriptive sketch of the behavior of rivers as 
related to their sedimentary load provides only a perspective. Some 
brief amplifications by theory and observation follow. A comparison of 
various rivers with one another indicates that although the hydraulic 
characteristics — namely, the slope, rate of discharge, variation in dis- 
charge, and the like — might be similar for two or more rivers, these rivers 
may differ greatly from one another in other respects. One river may 
have a gently serpentined course with a reasonably uniform bed; another 
may develop very pronounced shoals and deep pools, which offer great 
difficulty to engineers in their efforts to develop a navigable channel. 
The difference lies largely in the sedimentary characteristics of the river 
— the magnitude of the sedimentary load and the mechanical composition 
of the sediment. To be sure, the hydraulic and sedimentary characteris- 
tics are not independent; thus the hydraulic slope and the velocity of flow 
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are influenced by the magnitude and nature of the sedimentary load as 
well as by the water discharge. The mechanics defining the interrelation 
of these quantities is of fundamental importance. 

ORIGIN OF SEDIMENTARY LOAD OF RIVERS 

Many factors are influential in producing erosion. Alternate freezing 
and thawing of saturated rock and soil, wind action, and the dynamic 
action of rain combine in varying degrees in the process of eroding the 
surface of the ground. Particles that have been loosened are transported 
by surface runoff. The greater the velocity of the water the greater will 
be its capacity to transport solid particles; moreover, the greater the 
intensity and duration of rainfall the higher will be the percentage of run- 
off. Loose, unvegetated soil composed of finely divided materials on steep 
slopes suffers serious erosion if subjected periodically to high rates of 
precipitation. 

Several modes of erosion are more or less distinguishable from one 
another. In the source district the sedimentary load of the river consists 
largely of detritus formed by the weathering and wearing down of moun- 
tains. The river slopes are steep and, at least during high stages, the 
water flows at torrential velocities — that is, at velocities greater than those 
of waves in open channels (F > Vgd, in which V — velocity of the 
water, in feet per second, g = acceleration due to gravity or 32.2 feet per 
second per second, and d = depth of water, in feet). During periods of 
extremely high rates of runoff (after cloudbursts) detritus avalanches take 
place ; the stream then moves inomense quantities of rock toward the sedi- 
mentary cone. Boulders are rolled long distances, with the finer gravel 
apparently forming a lubricating medium for them. The sedimentary 
particles progressively become roxmded and smaller, owing to the abrasion 
incurred as they move along the river course. Simultaneously a process 
of sorting takes place, with the finer particles transported downstream 
more continuously than the coarser particles. 

In contrast to the avalanches and detritus transportation of torrential 
rivers, the erosion in plain country, although often just as dev0,stating, 
ordinarily takes place more gradually. Here the erosion is of two types- — 
sheet erosion and gullying. These two processes normally take place 
simultaneously; the relative importance assumed by each is largely 
dependent upon the nature of the topography and the type of vegetation. 

Although detailed observation of the erosion on areas throughout 
the United States has indicated very high rates of removal of the topsoil 
in certain localities, these rates do not afford a measure of the sedimentary 
load of the river to which the drainage area is tributary. This was espe- 
cially evident in connection with an extensive investigation of the Missouri 
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River under the writer’s supervision. Much of the material scoured from 
the highlands comes to rest in the lowlands without being carried into the 
rivers. A computation based upon the silt load of the Missouri, for 
example, would indicate an average annual erosion of 0.0031 inch from the 
drainage area tributary to the river above Kansas City for the 2-year 
period ending June 30, 1931. The amount of erosion is extremely variable 
from place to place; it varies with the nature of the soil, the slope, the 
vegetative cover, and the treatment of the land. Studies made on strips 
of land having slopes ranging from 0 to 3 percent and subject to an annual 
precipitation of 21 inches showed rates of erosion many times that indi- 
cated by the average silt load of the Missouri River distributed over the 
drainage basin. 

The economic importance of soil erosion had until comparatively 
recently received far too little consideration. Costly reservoirs have 
become practically valueless within a period of a very few years in conse- 
quence of the unanticipated sedimentary load of the stream that supplied 
the water. Farm lands have become denuded of fertile topsoil because 
insufficient attention was given to the effect of the dynamic action of rain 
and surface runoff. Large areas of valuable grazing land have been vir- 
tually ruined by gullying, which might have been avoided if suitable pre- 
cautions had been taken in the early stages of such development. 

TRANSPORTATION OF SEDIMENTS 

No simple all-inclusive rule can be set up regarding the general 
phenomenon of the transportation of sediments in its relation to the com- 
plex behavior of rivers. The movement of’ sediments along the beds and 
in suspension in natural watercourses, with the associated changes in con- 
formation in the stream bed, has long been a most perplexing and yet most 
fascinating type of occurrence confronting the hydraulic engineer con- 
cerned with the regulation, improvement, and economic development of 
rivers. Probably in no other field of hydraulics have there been more 
confusing and opposing statements made in the last several decades. 
There are now, however, several focal points which lead to sound funda- 
mental analysis based upon a careful study of fragmentary data derived 
from both field and laboratory observations. 

Considerable progress was made by taking into account factors of 
bulk flow such as are presented with the Du Boys theory [6], which con- 
siders the computed traction along the stream bed. A reasonable result 
in idealized cases and the analysis in laboratory experiments have been 
obtained with this theory. Similar and possibly more empirical formulas 
have been proposed from time to time. The method is useful for idealized 
studies and serves to provide a tool for the hydraulic engineer. 
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More recently gratifying analytical approaches have been made to 
the phenomenon of fluid turbulence, particularly as regards flow through 
pipes made ideally rough by spherical grain projections of uniform size; 
however, even here there is still uncertainty over the detailed treatment in 
case of roughness different from the idealized. The turbulence theory in 
its fundamental form has been carried over to the mechanics of the flow of 
rivers and the transportation of sediments and seems to provide explana- 
tions for phenomena that previously have been obscure. The basic 
knowledge of the theory of turbulence as presented by Prandtl, Von 
Karman, Taylor, and others and verified in part by experimental studies 
has been used as a framework and expanded to encompass the movement 
of sediments. A pioneer effort in this direction, in part verified by labora- 
tory studies, was made by Shields [22] and presented in a discussion of the 
applications of the principles of the mechanics of turbulence research to 
bed-load movement. 

Most analyses of sediment transportation by rivers have considered 
the bed load and suspended load independently. In some rivers the line 
of demarcation between these two loads is fairly distinct; in others the 
division is less apparent. Rivers like the Colorado, having relatively 
steep slopes for their size and fine-grained particles forming -the stream 
bed, can hardly be analyzed satisfactorily in a rational procedure by 
independent consideration of suspended and bed loads. On the other 
hand, many rivers have beds composed of relatively coarse sand or gravel, 
while the suspended load is finely divided material consisting of silt and 
clay, which seldom comes to rest in the river channel once washed in from 
the tributary drainage area but rather is carried continuously to the river 
mouth. Here there is a logical and reasonable possibility of treating the 
two modes of transporting sediments independently. 

SUSPENDED LOAD OF RIVERS 

If the sedimentary load of rivers is considered in two classifications — 
that which is carried in suspension and that which is principally carried 
along the stream bed — a schematical separation for the purposes of descrip- 
tion is obtained. The amount of material transported by suspension in a 
stream is largely dependent on the amount of finely divided material that 
finds its way to the stream. The quantity in suspension can be readily 
measured, and a mathematical analysis of the distribution of this material 
based upon the turbulence theory has been proposed [17] and its applica- 
bility reasonably well verified [4, 18]. The present status of the procedure, 
however, necessitates knowledge of the quantity and mechanical composi- 
tion of the sediment at some point in the vertical profile of the stream, 
and also the distribution of velocity in the vertical and the resistance of 
the stream bottom to shear. 
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The turbulence theory of suspended-load transportation by rivers is 
based upon a knowledge of the internal mechanism of flow of water. At 
very low velocities, such as are seldom found in rivers, the flow is laminar — 
that is, the water particles in the stream follow substantially parallel paths, 
and no eddy motion occurs. At higher velocities turbulence develops — 
that is, superimposed upon the mean forward velocity, particles of water 
are continually moving in random directions very haphazardly with refer- 
ence to time and at var 3 dng speeds. These variations are a result of eddies 
that have the power of diffusing entrained sediment particles.. The 
upward components of the velocity have the power of raising particles of 
silt to higher levels in the stream. Of course at any point the upward 
and the downward motion must counterbalance each other. However, 
with the concentration of the silt greater near the bottom of the stream 
than near the top, the downward components carry less material than the 
upward components. Thus, although there is continual action of gravity 
pulling downward on particles of sediment in suspension, material is main- 
tained in suspension with the forward-moving stream by virtue of the 
continual process of diffusion, the upward components of turbulence con- 
tinually lifting more sediment into the stream than is moved downward 
by the downward velocity components of turbulent motion. Of course 
the size of the largest particle that can be transported by suspension is 
dependent upon the maximum temporal vertical velocity of the turbu- 
lence. This vertical component must be greater than the settling velocity 
of the particle in still water. Formulas based upon a statistical theory of 
turbulence have been derived to express this relation. 

It will be readily recognized that the turbulence theory also explains 
the lateral diffusion of suspended particles. Inasmuch as the larger 
particles have rates of sedimentation much greater than the smaller ones, 
in a pulsating lateral and vortical eddy motion the larger particles can be 
raised off the bottom only for short periods, because the intensity of 
the particular turbulent pulsation in which they become entrained will 
decrease before the particles reach a very high level and thus will permit 
them to fall again toward the stream bed. Thus both vertical and lateral 
diffusion take place simultaneously superimposed upon the main-stream 
current forward. The coarser sedimentary particles will drop out of the 
current when points of lesser turbulence are approached. Hence in the 
process of erosion particles move from points of high turbulence toward 
points of lower turbulence, where they eventually fall to the bottom of the 
stream. This phenomenon, in part at least, accounts for the rapid lateral 
shifting of channels in an alluvial stream having a bed of fine material. 
For example, in the Missouri River the writer has observed in the course 
of a day a lowering of the stream bed at a single cross section as mutih m 
10 to 15 feet, with a corresponding rise at a point in the same cross section 
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transverse to the direction of flow. Sinailar situations have been noted 
on other rivers, including the Platte River of Nebraska, the Niobrara, and 
the Colorado. 

Conceivably it might be possible to predict the suspended load of a 
river by means of a statistical analysis of the fluctuations in velocity and 
a mechanical analysis of the sediments forming the stream bed. In this 
way it might be possible to get an index of the upward velocity components 
of turbulence and their duration at the stream bed, and by knowing the 
relative duration of the velocity components for the various grades of 
material that are lifted into the moving stream it might be possible to 
determine their percentages. Such a procedure has been suggested, and 
a mathematical analysis proposed [15]. It probably has its greatest pos- 
sibility in channels that are in silty equilibrium, with no material entering 
from tributary drainage area. Possibly an additive factor could be worked 
out to account for suspended material that comes into the river from 
tributary area but never forms a part of the stream bed. 

Ordinarily the percentage of solid matter contained in a silt-laden 
stream is small — usually no more than 20,000 parts per million by weight, 
or about 2 percent. The suspended load of the lower Mississippi, fre- 
quently considered a very muddy stream, seldom if ever exceeds 5,000 
parts per million, and even that of the Missouri, known as the “Big 
Muddy,” seldom reaches 20,000 parts [26]. Exceptions may be found 
among such streams as the Colorado and some of its tributaries during 
flood stages, a few tributaries of the Missouri when subjected to cloud- 
bursts, and possibly also the Rio Grande and the Yellow River of China 
during high stages. On some streams this limit is greatly exceeded for 
very short periods, amounts up to 30 percent or more of solid material 
having been reported. 

It is generally known that the law governing the rate of fall of solid 
particles through still water is different for very small particles from the 
rate for larger particles. For the small particles both the viscosity and 
the density of the fluid come into consideration, and the rate of fall is well 
defined by Stokes’ law; here the resistance to fall is proportional to the 
first power of the velocity. For the larger particles Newton’s law controls 
the relation between velocity and resistance to fall, the resistance being 
proportional to the square of the velocity. In water at a temperature of 
about 50° F. silt particles having a specific gravity of about 2.65 will 
follow Stokes’ law up to diameters, of about e millimeters (0.0025 inch). 
For diameters greater than 1 millimeter Newton’s relation is closely 
followed, the viscosity and therefore the temperature of the water being 
relatively unimportant. Between these two limits there is a transition 
region. 
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Fig. XIIIc-S. — Mechanical composition of suspended sediments at various depths in the Missouri River at Kansas City, Mo. Samples taken January 

3 , 1930 . 
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In the light of the foregoing discussion the results of studies to deter- 
mine the vertical distribution of suspended sediment in rivers are of con- 
siderable interest. Analyses of samples gathered from the Missouri River 
at Kansas City at various depths below the surface of the water are sum- 
marized in Fig. XIIIc-5. The samples were analyzed for amount of sus- 
pended load per unit volume of water, and the mechanical composition of 
the suspended material was determined. It will be noted that the concen- 
tration increased with the distance from the water surface (Fig. XIIIc-5). 
This is a normal condition, although in the study here presented the con- 
dition is rather extreme because of the especially high viscosity of the cold 
water. (The observations were made in winter.) Mechanical analyses 
of samples showed especially interesting relations: the particles having 
diameters less than Jle millimeter were rather uniformly distributed 
throughout the river cross section, but those of larger diameters were very 
much more concentrated toward the stream bottom. The data indicated 
in Fig. XIIIc-5 were obtained by the mechanical analysis of samples 
taken from the river at five different depths below the water surface in a 
vertical section. The samples were analyzed by separation into con- 
stituent sizes by a process of elutriation [26, p. 1210]. The rates of sedi- 
mentation were checked by microscopic measurement of the size of 
particles. The following rates of sedimentation through still water 
at 22^ C. were used; the specific gravity of the sediment was approxi- 
mately 2.6. 


Elutriation divisions 


Diameter of particle (millimeter) 

Classification 

Kate of fall of 
particle (centi- 
meter per 
second) 

Less than 5 g 

Clay 

Very fine silt 

Fine silt 



0.0022-0.0091 

* 

.0091- .037 


Medium silt 

.037 - .124 

g 

Coarse silt 

.124 - .38 


Very fine sand 
Fine sand 

,38 -1.16 



1.16 -2.60 



Medium sand 

2.60 -5.33 



Coarse sand 

5.33 -9.95 



1-2 ..,.. 

V»y«o.r«andl 




The sediment-distribution curves in the vertical section of the river as 
indicated by the foregoing example agree well with what is to be expected 
from the turbulence theory [10, 17]. It must of course be kept in mind 
in the application of the turbulence theory as presented by the formulas 
thus far developed that no account is taken of the influence of time lag 




PHYSICAL CHANGES PRODUCED BY THE WATER 


627 


which necessarily exists in a natural watercourse because of the continued 
change in cross section frona point to point along the stream. It is largely 
the influence of time lag which causes the suspended load transverse to the 
river as well as in the direction of flow to be fairly well distributed, despite 
the fact that the relative turbulence as defined by shear resistance along 
the stream bed and velocity-distribution curves would indicate com- 
paratively wide variations. 



Fig. Xinc-6. — Silt-discharge rating curve for the Missouri River at Kansas City, Mo. 

Although a wide range of circumstances influence the amount of sus- 
pended material carried by a stream, observations indicate that over a 
long period, at least for many rivers, there is a reasonably well defined 
relation between the stream discharge and the amount of sediment trans- 
ported in suspension. In Figure XIIIc-6 are presented the writer’s results 
of 2 years of daily measurements of the suspended load of the Missouri 
River at Kansas City. Of course the amount of material found in sus- 
pension on any particular day may deviate greatly from the average for 
the existing stage, depending upon the condition of the surface of the drain- 
age area at the time, the location of concentrated precipitation in the area, 
and many other factors. This is well shown in the chart (Fig. Xlllq^fi), 
in which the various plotted points give the values for individual measure- 
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ments. The equation for the curve for average conditions at Kansas 
City is 

S - 30.4 X 

in which S is the suspended load in tons per second, and Q is the water 
discharge in cubic feet per second. For other rivers, and even for other 
localities on the Missouri, both the coefficient and the exponent in the 
equation will be different from those here given. A comparison of the 
computed and measured suspended load of the Missouri River past 
Kansas City is presented in the following table. Although the daily 
deviations of the computed and measured value were great, it will be 
observed that the monthly figures are in close agreement. 


Comparison of measured and computed suspended load carried by the Missouri River past Kansas 

City 


1 

Period 

Water 

discharge 

(acre-feet) 

Suspended load (tons) 

Measured 

Computed 

May 8-31, 1929. 

3.660.000 
10,600,000 

5.600.000 

2.180.000 
1,360,000 

19,200,000 

24,200,000 

•Time 1929 

153,000,000 

151,000,000 

July 1929 

44,000,000 

48,300,000 

August 1929 

6,660,000 

6,190,000 

September 1929 

2,040,000 

2,200,000 

October 1929 

1.730.000 

1.890.000 
916,000 

3,900,000 

3,410,000 

ISfnvpmhftr 1929 

4.840.000 

1.050.000 

4,420,000 

December 1^29 

878,000 

Total, May 8 to December 31, 1929 — 

27,936,000 

234,690,000 

240,598,000 

January 1930 

972,000 

2.040.000 

3.840.000 

3.460.000 

6.610.000 
4,370,000 

2,210,000 

8,740,000 

24.500.000 

18.500.000 

43.400.000 

31.400.000 . 

1,050,000 

February 1930 

6,890,000 

Marcb 1930 

20,000,000 

April 1930 

15,900,000 

May 1930 

! 47,100,000 

June 1930 

27,f)00,000 

Total, January 1 to June 30, 1930 

20,292,000 

128,750,000 

_ ll£,B40,0(Kj 

Grand total, May 8, 1929 to June 30, 
1930 

48,228,000 

, 363,440,000 

1 359,138,000 



Other investigators have since observed that relations similar to those 
set forth above exist on other rivers, including, for example, the Po Eiver 
of northern Italy [11] and the Red River of the southwestern United 
States [1]. For the Red River an equation of the form 

= 95 X 10”*“ 


was obtained. Usually the suspended load seems to vary approximately 
as the square of the water discharge, although this relation is entirely 
empirical. 
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Observations on many rivers indicate that for very high rates of flow 
the suspended load no longer increases at a rate as high as the square of the 
water discharge, on some rivers even decreasing when the duration of a 
high-flow rate is long. This situation is due, at least in part, to the reduced 
availability of material in the river channel susceptible to being held in 
the flowing stream by the mechanism of fluid turbulence. 

Based upon a mathematical analysis involving the systematic inte- 
gration of the product of suspended-load distribution curves and stream- 
velocity distribution curves in river verticals, a procedure was set up by 
the writer [26, p. 1189] to arrive at a systematic method of sampling rivers 
for determining the suspended load. The equation developed is of the 
form 

'5 = + %So,2d)S 

in which S is the sediment discharge per unit width of stream; So.si and 
.So 2 d are the sediment concentrations at 0.8 and 0.2 depth from the water 
surface respectively; and q is the water discharge of the river per unit 
width at the point of observation. This procedure provides a method of 
determining the suspended load of a river, somewhat analogous to the 
customary scheme of stream gaging for water discharge by measuring 
velocity at 0.2 depth and 0.8 depth. This relation has also been found 
suitable for determining the silt load of rivers by other investigators 
[3, 11]. 


RETENTION OF SEDIMENT IN SUSPENSION 

Another question that frequently arises concerns the retention of 
sediment in suspension. A number of observations on rivers indicate that 
the material transported in suspension, particularly in heavily laden 
rivers, remains in suspension unless the flow is artificially retarded. A 
typical example of this is presented in Figure XIIIc-7. Observations on 
the discharge of suspended material were made for about a month at two 
stations on the Missouri River, at Kansas City and Waverly, about 80 
miles apart. At these two stations the maximum and minimum suspended 
loads occur about 1 day apart almost invariably. With a mean velocity 
of about 3 miles an hour, this would be the time required for the silt-laden 
water to flow from Kansas City to Waverly. The duration curves of the 
two stations for the silt discharge are almost identical, as are also the dura- 
tion curves for the water discharge. Furthermore, although there was 
considerable variation in the character of the material from day to day, the 
mechanical compositions of the finer grades of sediment gathered at the two 
stations on successive days were practicaHy identical. These observations 
are in agreement with what might reasonably be expected, except for 
stretches where the river is in the process of changing its regimen. 
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In sonae stretches of the Colorado River the process of transporation 
by suspension and along the stream bed is less well defined. Here the 
stream bed is composed of very fine material, and it seems likely that 
material is transported through some stretches along the stream bed, 
whereas in other stretches it goes into suspension, so that while the process 
of transporation might be continuous the mode of transportation may 
vary for a part of the sedimentary load. On the Missouri River the bed 
sediment is in general rather coarse as compared with the suspended 
material. 

ANALYSIS OF RIVER-BED CHANGES AS RELATED TO TRANSPORTATION 

OF BED-SEDIMENT 

The detailed mechanism of the transportation of sediment along 
stream beds is still vaguely known, although in recent years definite 
progress has been made in its analysis. In studying major changes in the 
conformation of streams with variation in flow the writer has found that 
considerable success can be obtained by consideration of major static and 
dynamic forces. Certain fundamental principles that relate primarily to 
factors of bulk flow and bed-load movement make it possible to estimate 
variations in the stream bed. A channel over a movable bed in contrast 
to one over a rigid bed tends toward a condition of equilibrium within 
itself, which is dependent upon bed load for different conditions of flow. 
In a stream with rigid bed, variations in cross section along the stream are 
reflected by variations in level of the water surface. In a stream with 
movable bed these changes are reflected in changes in shape of the 
stream bottom as well as in the water surface. Disregarding tributary 
inflow for the moment, we may say that the river channel for a given dis- 
charge approaches an equilibrium condition in which the flow past various 
sections and also the sedimentary load remain constant. 

An approach to the analysis of such equilibrium conditions for a river 
requires the formulation of a law defining approximately the rate of move- 
ment for various cross sections. For straight stretches of river it is 
believed that some degree of success has been achieved in this regard, at 
least in determining the proper order of magnitude of the bed load or the 
relative quantity for the different types of sand ordinarily encountered. 
The procedure is based upon the general acceptance of the Du Boys rela- 
tion-, which can be derived [26, p. 1127] upon idealized assumptions regard- 
ing the rnethod of bed-load movement, in the form 

(? = ^ I (l - 1“) 

7 Vt 7/ 

in which G is the quantity of sediment transported along the stream bed 
per unit width of channel, ^ is the coefficient depending upon the mechani- 
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cal properties of the sediment, r is the shear force along the stream bed 
resulting from the flowing water, t„ is the shear force at which sediment 
transportation begins, and 7 is the unit weight of the water. Admittedly 
this leaves out of direct consideration the mechanism of turbulent flow. 
The Manning formula, which might be written in the form 

V = 

is also accepted as applicable. Here V is the mean velocity of flow, R the 
hydraulic radius (or mean depth in the case of very wide channels) , S the 
slope of the energy gradient, and C a coefficient depending upon the rough- 
ness of the channel. Experience has shown that a formula of this type 
gives satisfactory results over a wide range of flow conditions with and also 
without movement of bed load [29]. 

Various forms of the equation have been set up by the writer, accept- 
ing these .two more or less empirical relations. Both of the relations have 
been verified over a fairly wide range of conditions and to this extent at 
least should be acceptable. 

Several forms of the relation have proved useful in studying the effect 
of artificial structures upon the regimen of rivers and have been checked 
in different ways by comparison with river investigations and by labora- 
tory experiments. Algebraic analysis is here dispensed with; suffice it to 
say that for the idealized case of a rectangular channel of large breadth, 
where the frictional resistance due to the sides is negligible, the relation 
takes the form 

G = - Qo-1 

in which Q is the water discharge per unit width of channel, Qo is the dis- 
charge per unit width of channel for slope S at which sediment transporta- 
tion begins, and G, C, and rp are as described in the preceding equations. 
C, \{/, and Qo must be experimentally determined. The values of \p and Qo 
depend upon the mechanical ■ composition (variation in size of grains as 
determined by sieve analysis or elutriation), specific gravity, and form of 
the stream particles; C depends upon the character of the sediment and 
also upon the rugosities of the channel itself, independent of the roughness 
due solely to the mechanical composition of the sediment. Thus C is 
influenced by the degree of turbulence. 

A typical example of the comparison of the results by the above 
equation with experiments of Schaffernak [21] is indicated by Figure 
XIIIc-8. In this figure the dot-dash lines represent the theoretical bed 
load for the maximum and minimum sizes of sediments used in the experi- 
mental studies. In general they enclose the experimental results. Here 
for the coarser material ^ = 28,000, where G is measured in pounds per 
second per foot of breadth of channel; to = 0.115 pound per square foot; 
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Fig. XIIIc-8. — Comparison of bed-sediment transportation theory with Schaffernak experiments. 
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andC = 71. In the curve for the finer material the values arc = 92,000, 
To = 0.275, and C = 90. The value of Qo is determined by the use of the 
foregoing equations with the proper value of to substituted. 

The theory has been expanded mathematically to explain the equi- 
librium conditions for channel-contraction works. The principle involved 
includes the conditions explained in the foregoing discussion and, in addi- 
tion, the fact that the sediment transported through the contracted section 
of the stream as well, as the water discharge must be the same as through 
the uncontracted section. Contracting the stream results in greater 
power for erosion in the beginning, but finally a state of equilibrium must 
be reached in which there is both a change in slope and a change in depth 
of the stream in consequence of the contraction. Algebraically the depth 
in the contracted section in terms of the flow conditions in the uncon- 
tracted section may be expressed as follows for a rectangular channel : 



in which di = the depth of water at the stretch of channel that has been 
contracted; di = water depth before contraction (or the depth upstream 
and downstream of the contracted region); To = the traction force 
(tangential force of the water against the stream bed per unit area of bed) 
at which transportation of sediment begins (to = ydS, in which y = unit 
weight of water, d = depth of stream at which bed sediment transportation 
begins with a slope S of the hydraulic gradient); )Si = the natural slope 
of the hydraulic gradient of the stream in the uncontracted part; a = the 
amount of contraction — that is, J52 = (1 — a) Bi, Bi and Bi being the 
breadths of the channel at the contracted and normal sections respectively. 
The relation expressed by this formula agrees well with laboratory experi- 
ments and field observations [23]. 

MISCELLANEOUS CONSIDERATIONS IN RIVER BEHAVIOR 

The foregoing description of the mechanics of river behavior presents 
only a perspective of a few of the major occurrences. Many phenomena 
of importance have scarcely been touched upon, if mentioned at all. 
Problems of practical significance are continually confronted and must be 
solved as well as possible with the present status of our knowledge. In 
many problems recourse has been had to river models, many with credible 
beds [7, 33]. But even with practical efforts of this type there is still 
much that remains to be learned regarding the fundamental principles of 
similarity between the model and the prototype [19, 22] and regarding 
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the limitations in the use of the different grades of sedimentary material 
in the performance of the experiments [2, 12]. 

The question of stable channels in credible material has been much 
mooted, particularly in connection with navigation and irrigation projects, 
both in this country and abroad [14, 27]. The different types of bed 
movement referred to variously as sliding, rolling, and saltation [8] and 
their relation to suspended load [15] are of great importance. The forma- 
tion of sand ripples on the stream bottom [31] and change with dynamic 
flow conditions and bed load [24], boundary layer and fluid turbulence 
[6, 22], and the progressive movement of sand bars downstream much as 
sand dunes [34] all come into consideration in analysis of river occurrences. 
The effects of transportation of sediment upon sorting and abrasion have 
practical significance [20]. The extensive work that is currently in prog- 
ress and has been done during the last several years in Europe as well as in 
America is evident by bibliographic reviews of articles presented on this 
subject in various publications [28, 35, 36]. 
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xiiid. transportation op mineral matter by surface water 

Chaeles S. Howard' 

The mineral matter carried in solution and suspension by streams is 
derived from the soils and rocks of the drainage basin. The rocks dis- 
integrate through solution, oxidation, and hydration, and a part of the 
material is removed by solution and by the mechanical agency of running 
water. All the principal rock minerals are attacked by water and are 
soluble to some extent, but only a few of their constituents are present in 
appreciable quantities in natural waters. 

Only small quantities of dissolved matter are brought to the earth in 
rain water [7], but atmospheric moisture is an influential agent in the dis- 
integration of rocks [5]. The amount of material dissolved by rain water 
after it reaches the earth depends on the nature of the rocks with which 
the water comes into contact and the length of time that the water is in 
contact with the rock materials. The carbon dioxide in rain water and 
that added through organic processes after the rain reaches the earth 
assists in the solution of rock minerals, particularly in the formation of 
bicarbonates, which are abundant constituents of all natural waters. 

In the disintegration and decomposition of rocks silica is set free, and 
it dissolves to some extent in the waters flowing over and percolating 
through the disintegrated material. The carbonates in natural waters 
come primarily from the decomposition products of feldspars and from the 
solution of limestones. Large quantities of sulphate are derived from 
beds of gypsum and in some areas from residual soluble salts on irrigated 
lands. Chlorides are present in small quantities in most surface waters 
but occur in high concentrations in waters that drain regions of sedi- 
mentary rocks containing marine deposits. Nitrates are usually present 
in small quantities in natural waters but may be present in considerable 
quantities in waters that drain certain soils. Calcium, magnesium, 
sodium, and potassium are common constituents of all surface waters. 
Calcium and magnesium usually predominate in waters draining areas of 
carbonate rocks, and sodium usually predominates in waters draining 
arid areas. Potassium is usually present in small quantities in natural 
waters. 

The disintegration of igneous rocks is a slow process, and as a con- 
sequence streams that drain a region of igneous rocks usually carry 

^ Chemist, Geological Survey, United States Department of the Interior, Washington, 
D. C. 
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relatively small amounts of dissolved and suspended matter. The dis- 
integration of sedimentary rocks takes place extensively, and streams that 
drain regions of sedimentary rocks carry large quantities of suspended 
matter and often have high concentrations of dissolved matter. Streams 
separate the different sizes of particles, carrying the largest particles only 
short distances. The finer particles stay in suspension at very low 
velocities and are carried for long distances. 

Solid material is carried in suspension in the main body of the stream, 
and some is rolled or dragged along the bed of the stream. The method 
of transportation depends on the type of material, the sizes of the par- 
ticles, and certain hydraulic characteristics of the stream. The methods 
of transportation have been studied and are discussed in chapter XIIIc. 
Streams rarely lose any appreciable quantities of their loads of dissolved 
material but are constantly changing their loads of suspended matter. 
Slight amounts of solid material go into solution during long contact with 
the water, but the greatest changes in the loads of solid material come 
through deposition and subsequent scouring as changing conditions affect 
the carrying capacity of the stream. Under certain conditions suspended 
fine material flows considerable distances beneath the clear water of reser- 
voirs [9, 10, 11]. 


DISSOLVED MATTER 

Headwaters . — In the headwaters of a stream the water comes from 
springs, rainfall, and melting snow, and the quantities of dissolved mate- 
rial are usually low. 

Main body of the sfream.— Contributions to the flow of the stream 
come from ground water and from tributary streams. The quantities 
and nature of the dissolved material from these sources are variable, but 
as a rule the concentrations are greater during periods of low flow, when 
most of the water represents runoff from ground water. In arid regions 
the maximum concentrations often occur during periods of flash floods, 
when the run-off is caused chiefly by rainfall of high intensity in a desert 
country or in a country having little vegetation. To the natural flow of 
the stream there is often added an appreciable quantity containing sewage 
and other wastes, which add materially to the load of dissolved material 
carried in the stream. Brines from oil fields [31] and drainage from 
mines [19] are sources of stream pollution and may provide a part of the 
load of dissolved material carried in a few streams. In some irrigated 
regions streams carry high concentrations and greater loads of dissolved 
material below the irrigated district than was present in the stream above 
the district [23]. This increase is caused by the leaching of salts from the 
soil by the irrigation waters and the subsequent return of some of these 
waters to the stream. This is undoubtedly the cause of the increase in 
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the concentration of Colorado River water between certain points. Figure 
XIIId- 1 gives the increase for one year between Cameo and Grand Junc- 
tion, Colo. Cameo is at the head of a large irrigated district about 20 
miles above Grand Junction, and several drains between Cameo and Grand 
Junction carry water into the Colorado River. 

A great many streams near the coast have high concentrations of 
dissolved material in their lower reaches because of tidal influences. These 
high concentrations are of importance to those using the water, and large 
expenditures [3] have been planned to prevent extensive invasion of the 
salt waters, but the quantities of dissolved material in such streams are 
of no significance in the computa- 

tion of the removal of mineral ...J o 't I d '-h I f I m I a fw I j Ti T TFF 

matter from the land. 

Loads of dissolved material car- _ . 

ried hy streams . — The loads of dis- ® v ,, 

solved material carried by streams | 'oool — I — 1—4 — I I I I I I 

can be computed only from the ^ 

results obtained by analysis of an ^ 

adequate number of samples over a <n soo 

period of several years. For most $ 

streams it is necessary to have I 

samples collected frequently at — I — I — I — I — I — I — I — I — ^ ^ ^ ^ 

regular intervals in order to have Fig- XIIId-I.— Dissolved soUds in the Colorado 
^ River at Cameo and Grand Junction, Colo. 

all changes in concentration 

represented. Usually one point can be selected in the section which 
will be representative of the quantity of dissolved material carried through 
the entire section. The sampling station should be at or near a gaging 
station where the flow of the stream is measured. Comprehensive 
analyses are usually made on composite samples, made from about 10 
daily samples. Additional information may be obtained concerning varia- 
tions during the period represented by the composite by making deter- 
minations of some characteristic constituent on each of the individual 



daily samples. 

The loads of dissolved material carried by some of the streamis in the 
United States have been computed, but except for a few streams the 
records cover only single years. The annual loads have been computed 
for the Colorado River and some of its tributaries [14]. The average for 
the Colorado River at the Grand Canyon during the 10 years ending 
September 30, 1936, was about 11,000,000 tons. The load of dissolved 
material carried by the streams in the upper and lower basin areas of the 
southern coastal plain in California during the year ending September 30, 
1932,’ was computed to be 139,000 tons [4]. The total quantities of dis- 
solved material carried by the streams of the United States were computed 
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by Dole and Stabler [8] on the basis of analyses of composite samples 
representing frequent sampling of a number of the larger streams of the 
country over periods of 1, 2, or 3 years. These authors estimated that 
the annual load of dissolved material carried by the streams of the United 
States was about 270,000,000 tons. Clarke [6], on the basis of the avail- 
able data, estimated the annual load of dissolved material carried by all 
the streams of the world as about 3,000,000,000 tons. 

SUSPENDED MATTER 

Headwaters . — Most streams are clear at their sources, and many 
streams — for example, mountain streams and streams draining a country 
of igneous rocks — are clear for the greater part of their courses. Some 
mountain streams that have steep slopes move considerable quantities of 
sand, gravel, and sometimes boulders, but the total quantities moved are 
relatively small, and the material is not carried very far in any flood 
period. In certain areas where large snowbanks are formed, melting of 
the snow may produce large loads of suspended matter. Rookie [22J 
reports that large quantities of material are moved in this manner in the 
Palouse region, Washington. The intensity of a rainfall has a large influ- 
ence on the quantity of material carried into the streams, particularly in 
regions that have scant vegetative cover. 

Main body of the stream . — When the flow in the main stream is made 
up chiefly of ground water the stream is usually clear, and most of the 
solid material it carries has been scoured from the bottom or the banks 
of the stream and represents material that had been deposited at some 
previous stages. The material thus carried consists of relatively large 
particles, which settle rapidly and may be deposited at points farther 
downstream. When the flow in the main stream is primarily the result 
of rains or melting snow along the river or its tributaries, any increase 
in stream flow is usually accompanied by an increase in the quantity of 
suspended matter. During floods caused by rainfall of high intensity 
streams often show rapid fluctuations in their loads of suspended matter. 
At these times they generally carry the maximum loads, and during a 
few days they may carry a large proportion of the annual load. Love [20] 
shows that for almost every area of the 34 he studied “the greater part 
of the total load of suspended matter was removed from the drainage area 
in a very" few days out of a total of about 450 days of record. In the 
area drained by Coon Creek at Coon Valley, Wis., 90 percent of the total 
load was carried in 10 days, and in the area drained by West Tarkio Creek 
near Westboro, hlo., 90 percent of the total load was carried in 12 days.” 

Different parts of the drainage area contribute varying proportions 
of the total load of suspended matter. Stabler [25] has shown that less 
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than 50 percent of the drainage area of the Colorado River above the 
Grand Canyon furnishes 75 percent of the load of suspended matter 
carried by this stream past the Grand Canyon gaging station. 

Samplmg . — An accurate estimate qf the quantities of suspended 
matter carried by a stream can be made only from the results obtained 
by an adequate sampling program and from an interpretation of the 
results based on a knowledge of conditions along the river in the vicinity 
of the sampling points. 

The quantity of suspended matter is usually greater near the bottom 
of the stream than at the surface and varies throughout the cross section, 
so that samples must be taken at several points across the stream and 
must include water from different depths in order to determine the total 
load of suspended matter carried past the sampling station. The sampling 
station should be located at or near a gaging station where the flow of 
the stream is being measured. 

Various types of samplers have been developed for the collection of 
representative samples. The simplest method of sampling is to obtain 
a bottleful of water at the desired point in the cross section. In deep 
water and in high velocities it is difficult to collect such samples without 
special apparatus. Different methods have been devised to open a bottle 
at a desired depth, and at an appreciable depth it is necessary to have 
some way to close the bottle in order to be certain that it contains water 
from that depth alone. Solid material will drop into an open bottle after 
it is full of water, and any full bottle may contain material that does not 
belong in the volume of the sample collected. For this reason it is desir- 
able to close or remove the bottle before it is quite full. A great many 
investigators have apparently ignored the need of such apparatus for the 
collection of samples at a definite point. Straub [27] has described a 
sampler that closes automatically when the desired sample has been 
obtained. Cooperative studies of methods used in the measurement 
and analysis of sediment loads dn streams were planned and conducted 
jointly by the Tennessee Valley Authority, Corps of Engineers, Depart- 
ment of Agriculture, Geological Survey, Bureau of Reclamation, Indian 
Service, and Iowa Institute of Hydraulic Research. Reports on these 
studies were prepared and released for the cooperating parties through 
the facilities of the Iowa Institute of Hydraulic Research. These reports 
[32, 33, 34, 35, and 36] describe the methods and equipment used for the 
collection of samples of suspended sediment and bed load, the analytical 
study of methods of sampling suspended sediment, methods of analyzing 
sediment samples, and laboratory investigations of suspended sediment 
samples. 

Another method that has been used to some extent consists in collect- 
ing samples at given points in the cross section in such a manner that 
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each sample contains water from all depths [15]. These “integrated” 
samples are obtained by having the bottle open at all depths. In shallow 
water a bottle with a small opening can be lowered to the bottom and 
raised to the surface at a uniform rate before it is completely filled. In 
deeper water it is necessary to have a device to open the bottle at the 
bottom and raise the bottle at a uniform rate so that it is nearly full when 
it comes to the surface of the stream. 

There seems to be no definite relation between the flow of a stream 
and its load of suspended matter. In general the quantity of suspended 
matter increases with an increase in discharge, and with data from a 
large number of frequently collected samples it is possible to interpolate 
values for periods when no samples were taken. Love [20] has given the 
quantities of suspended matter carried by several streams during different 
periods of flood runoff and concludes that the only way to estimate or 
compute the suspended load is on the basis of careful and frequent 
sampling during floods. Faris [10] found for certain Texas streams that 
there was no direct relation between the suspended load and the velocity 
of the water. 

The choice of satisfactory sampling points can best be made on the 
basis of the results obtained from a large number of samples in the cross 
section, and for a great many streams these observations must be made 
frequently. Faris [10] used as the mean percentage in the cross section 
the mean of the percentages in samples at 0.6 depth in verticals at one- 
sixth, one-half, and five-sixths of the entire width. Straub [27] shows 
mathematically that the “mean silt content” of the stream may be 
obtained by taking the sum of five-eighths of the average of the silt 
concentration at 0.2 depth across the stream for a particular measurement 
and three-eights of the average of the silt concentration in the samples 
at 0.8 depth. 

Sizes of the particles . — The sizes of the particles in material carried 
in suspension and deposited along streams has been discussed by Fortier 
and Blaney [12], Straub [27], Faris [10], and others. In certain flood 
periods the load of suspended matter consists chiefly of the larger particles, 
and in other floods the smaller sizes predominate. Straub found that 
the material carried by the Missouri River during the winter was relatively 
coarse, but during the spring, when high rates of rainfall occur in the 
drainage basin, the suspended matter frequently consisted of finer parti- 
cles. Similar results have been found for the Colorado River, in which 
during the spring floods most of the suspended material consists of particles 
whose diameters are greater than 50 microns, but in the summer floods 
the material often consists chiefly of particles whose diameters are less 
than 20 microns. The state of dispersion of the particles in suspension 
ortvno An fliA nn.+.iirp fl,Tid oiiantitv of thc dissolvcd solids. 
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Breazeale [2] has discussed the results of laboratory experiments on the 
dispersion of Colorado River silt. 

Bed load . — Estimates of the quantities of material carried as bed load 
have been made for some streams, but no satisfactory method has been 
found for determining this load. Straub [27] gave figures for the Missouri 
River and some of its tributaries showing that the quantity of bed load 
ranged from one-eighth to one-op.e hundred eightieth of suspended load. 
Shulits [24] has discussed the Schoklitsch bed-load formula and suggested 
that studies should be made to determine its applicabihty. The move- 
ment of material out of the bed of a stream has been discussed by many 
authors. Wright [30] has given the results of laboratory experiments 
which show that clear water flowing out of a reservoir probably has a 
greater scouring power than turbid water under the same conditions. 
The changes that may occur in a stream bed below a reservoir have been 
discussed by Lane [18], Grover [13], Vetter [29], and others. 

Loads of suspended matter in various streams . — The loads of suspended 
matter carried by individual streams can be computed only when ade- 
quate records of stream flow are available and when adequate samples 
have been obtained. Each stream has certain characteristics affecting 
the load of suspended matter it may carry, and the results obtained for 
one stream are not representative of another stream. The quantities of 
suspended matter carried by a few streams over short periods have been 
determined, but the data available are not sufficient to determine accu- 
rately the average load carried by any one stream, and the total load 
carried by all the streams of the United States cannot be closely estimated. 
Stevens [26] has listed the data available concerning the loads of suspended 
matter carried by the larger streams of the United States and by some of 
the streams of other countries. The loads of suspended matter carried 
from small drainage areas have been determined in connection with 
the studies of soil erosion on cultivated plots in different agricultural 
regions [1]. The loads of suspended matter carried by streams draining 
small areas are given by Love [20] for 34 stations in different parts of the 
United States. The maximum loads on these areas ranged from 154 to 
127,000 tons a day. The data from which these maximum loads were 
obtained show the total load for 1 year ranging from 200 tons to the 
square mile for a stream in Washington to nearly 8,000 tons to the square 
mile for a stream in Texas, and a large proportion of the total load may 
be carried in a few days. An estimate of the loads of suspended matter 
carried by several streams over a period of years can be obtained from the 
results given by Eakin [9] in his report on the silting of reservoirs. 

Nickle [21] in discussing Stevens’ paper gave further data concerning 
the suspended matter carried by Texas streams. Reports of the Inter- 
national Boundary Commission [17] give recent data for the Rio Grande. 
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Reports of the United States Waterways Experiment Station at Vicks- 
burg, Miss., give the results of studies of the suspended matter carried 
and deposited by the Mississippi River [28]. The average annual load 
of suspended matter carried by the Colorado River past the Grand Canyon 
gaging station during the 10 years ending September 30, 1935, was 
250,000,000 tons [16]. 
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XIIIe. chemistry of ground water 
Margabet D. Foster^ 

The water that falls upon the earth as rain or snow contains only 
small quantities of dissolved mineral matter [5]. As soon as it reaches the 
earth, however, it begins to react with the minerals of the soil and rocks with 
which it comes into contact. The amount and character of the mineral 
matter dissolved by meteoric waters depend upon the chemical composi- 
tion and physical structure of the rocks with w'hich they have been in 
contact, the temperature, the pressure, the duration of the contact, and the 
materials already in solution. The solvent action of the w-ater is assisted 
by the presence in solution of carbon dioxide, derived from the atmosphere 
as the water fell as rain or from the soil through w'hich it passes, where it 
is formed by organic processes. 

WATER IN IGNEOUS ROCKS 

The mean mineral composition of igneous rocks is estimated by Clarke 
and Washington [4] as follows: 

Per Cent 


Quartz 12.0 

Feldspars r>9.5 

Pyroxene and hornblende 16.8 

Mica 3.8 

Accessory minerals 7.9 


100.0 

These minerals, though relatively insoluble, are not ab.soIuteily so. 
The rate of solution is slow, and the amount in solution at any one time is 
small. Chemically these minerals, with the exception of quartz, are the 
alkali or alkaline earth salts of silicic, alumino-silicic, or ferro-silicic acids 
— salts of a strong base or bases combined with a weak acid. The action 
of meteoric waters on these minerals involves, first, solution of the mineral 
and then hydrolysis; reaction between the ions of the water and those of 
the dissolved mineral. The amount of dissociation of pure water into 
ions is small: at ordinary temperatures a liter of water contains only 
grams of hydrogen in the ionic form. The hydrogen-ion concentration 
of meteoric waters is greater, however, because of the carbon dioxide 
universally present in them, and the action of the water on the minerals 
is accelerated, the amount of acceleration depending on the amount of 

1 Chemist, Quality of Water Division, Geological Survey, United States Department of 
the Interior, Washington, D. C. 
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carliou dioxide in solution. There is some divergence of opinion as to 
whether hydrolysis or the action of carbonic acid predominates. It is 
probable that near the surface, or as long as the percolating waters contain 
carbonic acid, the action of carbonic acid is the stronger, but as the car- 
bonic acid is used up in the reaction the effects of hydrolysis becomes 
predominant. By that time, however, the water contains salts in solu- 
tion, which also influence further action. 

The action of water upon the silicate minerals takes place iir-definite 
steps and gives rise to definite compounds. Of the alteration products 
formed, the silica freed is soluble, and some of it is taken into solution by 
the water, although much remains behind in an intimate mixture with the 
clay minerals formed. These clay minerals (hydrous aluminosilicates) 
are relatively insoluble and tend to accumulate where they are formed. 
The potash developed, though soluble, is largely absorbed by the residual 
materials of the decaying rock. This is shown by the fact that natural 
waters contain much less potassium than sodium although the quantity 
of the two elements in the earth’s crust is nearly the same. On the other 
hand, clays, shales, and soils contain more potassium than sodium. 

If the mineral involved in the reaction is one that contains sodium, 
calcium, or magnesium iirstead of potassium, these elements are carried 
away in solution as the bicarbonates. 

As a rule any iron-bearing mineral is apt to alter readily on attack 
by water, the iron uniting with oxygen to form iron oxide, which is very 
insoluble and remains in the soil. 

The action of water on the different silicate minerals results in the 
formation of secondary minerals, but the general tendency is toward solu- 
tion of the alkaline earths or of sodium, with some of the potassium, as 
the bicarbonates or hydroxides (generally the former, as carbon dioxide is 
so universally present in meteoric waters) and the production of simpler 
(;ompounds from more complex. Compound silicates break up into sim- 
pler .silicates, often hydrated, or to oxides, hydrates, or carbonates. As a 
rule, the chemical proee.sses are incomplete; some of the minerals are not 
entirely altered, and the product exhibits many variations. 

Even in the presence of carbonic acid, however, the silicate minerals 
that make up the igneous rocks are relatively resistant to attack. In 
experiments by Liegeois [8] to determine the action of carbonated water 
on rocks, quartzite and compact granite, syenite, and diabase showed no 
alteration on microscopic examination and comparison with fresh speci- 
mens after immersion in carbonated water for 6 months to a year, except 
one granite, in which the feldspar was attacked. 

Water from silicate rocks is therefore usually low in dissolved mineral 
matter, containing only small quantities of calcium, magnesium, sodium, 
and potassium as bicarbonates, sulphates, and chlorides. The basic 
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constituents are frequently present in nearly equivalent amounts. The 
percentage of silica in the dissolved mineral matter is usually high as 
much as 50 percent or even more — although the actual amount is low. 

WATER IN SEDIMENTARY ROCKS 

Calcium bicarbonate waters . — In point of abundance in the earth’s 
crust the sedimentary rocks are insignificant, constituting only about 5 
percent [4]. They are, however, the most common rocks at the surface 
of the earth, covering approximately 75 percent of the land surface [1] 
and forming^ at the top of the earth’s crust, a layer that ranges in thickness 
from a little more than zero to 40,000 or 50,000 feet. With reference to 
ground water, therefore, they are much more important than the igneous 
rocks. 

The three main types of sedimentary rocks, in the order of their esti- 
mated abundance, are shale, 82 percent of all sedimentary rocks; sand- 
stone, 12 percent; and limestone (including chalk and dolomite), 6 percent 
[1]. Shale and sandstone are made up of the weathered residues of 
igneous and sedimentary rocks, to which more or less cementing 
material, usually calcium carbonate, silica, or iron oxide, has been added. 
They are estimated by Clarke [4] to have the following average mineral 
composition : 



Shale 
per eent 

-.-a. 

Sandwtone 
per cent 

Quartz 

22.3 

66.8 

Feldspar 

30.0 

11.5 

Clay 

25.0 

6.6 

Limonite * 

5.6 

1.8 

Carbonates 

5.7 

11,1 

Other minerals 

11.4 

2.2 



100.0 

^ loo .o’ 


He estimates the average limestone to be 76 percent calcium 
carbonate. 

The principal soluble material in the sedimentary rocks is carbonate, 
chiefly of calcium. The clastic constituents of the shales and sands, being 
the weathered residues of older rocks, have already been more or less 
altered by hydrolysis and leached of their soluble constituents. The solu- 
tion of calcium carbonate, with some magnesium carbonate, is therefore 
the primary action when meteoric waters containing in solution carbon 
dioxide from the air and soil pass down through sedimentary deposits. 

Calcium carbonate is relatively insoluble in pure water: 1 liter of dis- 
tilled water dissolves only 0,014 gram of calcimn carbonate at 25°G. [7]. 
Calcium bicarbonate, formed by the reaction between, calcium carbonate 
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and water containing carbonic acid, is, however, much more soluble. The 
amount that can be held in solution depends on the carbon dioxide content 
of the water. The net result of the action of meteoric waters on calcium 
carbonate, as on the silicate minerals, may represent the summation of 
three steps — solution of calcium carbonate, hydrolysis of calcium carbon- 
ate, and reaction between calcium ions and bicarbonate ions to form cal- 
cium bicarbonate. 

Waters containing carbon dioxide attack calcium carbonate much 
more readily than they attack the silicate minerals. Waters from lime- 
stone or from sandstones or shales cemented with calcium carbonate may 
contain several hundred parts per million of dissolved mineral matter. 
The amount of calcium carbonate (or magnesium carbonate) taken into 
solution depends both on the carbon dioxide content of the percolating 
waters and on the calcium and magnesium carbonate content of the sedi- 
mentary beds. 

The carbon dioxide content of meteoric waters is derived both from 
the atmosphere and from the oxidation of organic matter in the soil. It 
is probable that the greater part of the carbon dioxide content of meteoric 
waters is derived from the soils through which they pass. The proportion 
of carbon dioxide in the atmosphere is very nearly uniform and amounts, 
in round numbers, to 0.03 percent. The proportion of carbon dioxide in 
soil air is much larger [9]. Air in grassland soils, for example, may contain 
as much as 1.5 percent. The amount in the soil varies with the organic 
<"ontent of the soil and the energy of microbiologic decomposition. 

In deposits that are relatively calcareous the capacity of the percolat- 
ing waters to take calcium and magnesium carbonate into solution by 
virtue of their content of carbon dioxide is exhausted at shallow depths. 
In general, waters from such formations do not increase in mineral content 
with increasing depth in the formation. Wells 20 to 40 feet deep in these 
formations yield water containing as much dissolved mineral matter as 
those several hundred feet deep. In deposits that contain little calcareous 
material, however, the waters must travel farther to exhaust their capacity 
to take calcium carbonate into solution. Waters from shallow depths in 
such formations are usually low in dissolved mineral matter. As the 
waters percolate downward they continue to dissolve calcium and mag- 
nesium carbonate until their carbon dioxide content is exhausted. With 
greater depth the mineral content then tends to remain relatively constant. 
The water from the sandy phase of the Lissie formation in the vicinity of 
Houston, Tex., furnishes a good example of this phenomenon (Fig. XIIIe-1, 
diagrams A-E). Some formations are apparently devoid of calcareous 
material, and even the deeper waters in them are very low in dissolved 
mineral matter. Some of these deeper waters carry considerable carbon 
dioxide in solution. 











PHYHICAL CHANGES PRODUCED BY THE WATER 


1)51 


This solvent action on the carbonate minerals of meteoric waters 
carrying carbon dioxide constitutes the primary action between the per- 
colating meteoric waters and the rock minerals. As a result calcium 
bicarbonate is the predominant constituent of many waters from limestone 
and other sedimentary rocks cemented with calcium carbonate. As these 
rocks make up a large percentage of the surface of.the earth, calcium bicar- 
bonate waters are the most common type of natural ground waters. In 
some waters from such rocks calcium and bicarbonate make up 90 percent 
of t he total dissolved mineral matter. 

Dolomite yields water that contains practically equivalent amounts 
of c'alcium and magnesium. The double molecule of dolomite goes into 
solution as such and not according to the solubility of the separate carbon- 
ates. Calcium and magnesium are present in the water in the same 
proportion that they are in the rock (Fig. XIIIe- 1, diagrams F-H). A 
magnesian limestone may yield a water resembling one from dolomite, but 
in this water the calcium and magnesium carbonates have gone into solu- 
tion according to the solubility of the separate salts and are not present 
in the water in the same 'proportion that they are present in the rock. 

Sodium bicarbonate waters . — Many waters from sedimentary deposits 
contain .sodium and bicarbonate as the predominant basic and acidic con- 
stituent.s, and some contain approximately equal quantities of calcium 
and .sodium. Many such waters are found in the Atlantic and Gulf 
Coastal' Plain. The same formation may yield both calcium and sodium 
bicarbonate waters. In such a formation the calcium bicarbonate waters 
are usually the shallower water.s, and the sodium bicarbonate waters are 
the deeper waters. The waters appear to undergo an alteration in charac- 
ter with increasing depth in the formation. The calcium and magnesium 
content decreases and the waters become .softer; at the same time the 
sodium content increases but the bicarbonate and total mineral content 
often remain approximately the same. This phenomenon is illustrated in 
Figure XII1 e- 1 by diagrams I-L, which represent analyses of waters from 
different depths in the Black Creek formation in South Carolina. These 
waters appear to be the result of a secondary action between the waters 
and the rock materials — exchange of calcium and magnesium in solution 
in the waters for the sodium of base-exchange minerals in the rock mate- 
rials. The most important of these base-exchange minerals is glauconite, 
or greensand, a green granular silicate of potassium and iron that is formed 
near the mud line off continental shores and that is consequently often 
found in sedimentary deposits. Certain hydrous aluminosilicates that 
are derived from the weathering of crystalline rocks and that may make 
up part of the clastic material of the sedimentary deposits are also capable 
of base exchange. 
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The depth at which softening begins depends upon the relative pro- 
portion of calcium and magnesium carbonates to base-exchange minerals 
in the beds through which the water passes. If the base-exchange miner- 
als are present in at least an equivalent amount to the carbonates, the two 
processes may be almost simultaneous, the calcium being exchanged 
almost as soon as it is taken into solution. For example, in the Willis (?) 
formation in the vicinity of Houston, Tex., the shallow waters are low in 
dissolved mineral matter and soft. With increasing depth in the forma- 
tion the waters continuously increase in total mineral content and in 
content of sodium bicarbonate, but the hardness and the content of 
the other constituents in these waters remain practically constant (Fig. 
XIIIe- 1, diagrams M-P). If the carbonates are present in the rock 
materials in amounts more than equivalent to the exchange minerals, or 
if the exchange capacity of the base-exchange minerals has been exhausted 
in- the shallower materials, the ground waters must travel farther before 
being softened. In formations that contain little or no base-exchange 
materials, or in the limestone formations, the deep waters, as well as the 
shallow waters, are calcium bicarbonate waters. 

Sulphate in ground water . — Sulphate is derived from various sources 
in the soil and rocks and from materials added by human agencies — from 
sulphates resulting from the oxidation and hydrolysis of metallic sul- 
phides, from gypsum, or from fertilizers containing sulphates. Iron sul- 
phide, by oxidation and hydrolysis, yields iron oxide (usually hydrated) 
and sulphuric acid: 

2FeS2 -}- 7H2O -f- 160 = 2Fe(OH)3 -1- 4H2SO4 

Waters from shale characteristically carry sulphate, sometimes in consider- 
able amounts, derived, most probably, from the pyrite so often associated 
with shale. The sulphuric acid formed in the oxidation and hydrolysis 
of pyrite acts strongly on the other rock constituents and intensifies the 
action of the percolating water. Some waters, particularly in the vicinity 
of coal mines, where pyrite has been exposed to the action of air and water, 
are acid because of their content of sulphuric acid. When these acid 
waters move downward through lime-bearing rocks, the sulphuric acid 
acts on calcium carbonate and the waters become neutral and then more 
and more alkaline but still contain considerable sulphate and iron (Fig. 
XIIIb- 1, diagrams Q-S): 

H2SO4 -f- CaCOs = H2CO3 -b CaS04 
H2CO3 -f CaCOa = Ca(HC03)2 

Clarke [4] considers that the deposition of calcium sulphate from such 
waters is the most common primary cause of the formation of g3Tpsum. 
In arid or semiarid regions calcium sulphate may be precipitated as a crust 
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on the surface of the ground by the evaporation of sulphate-bearing waters, 
and, through re-solution by rain water, give rise to the alkali waters found 
in such regions. 

Waters from gypsum characteristically contain calcium and sulphate 
as their most predominant mineral constituents. The action of meteoric 
waters on gypsum is one of solution only; the presence of dissolved carbon 
dioxide in the water has no effect on the solution of the gypsum, as calcium 
sulphate does not hydrolyze in water. Consequently, water, continues to 
take calcium sulphate into solution as long as it is in contact with gypsum, 
until it is saturated. 

In the waters in many sedimentary formations, however, notably in 
the Coastal Plain, the sulphate content is low and does not increase with 
increasing depth in the formation. This suggests that the sulphate may 
be present as an impurity in the calcium carbonate cementing materials, 
where it is accessible for solution only as the calcium carbonate is taken 
into solution; when solution of carbonate ceases, solution of sulphate 
ceases also. On contact with base-exchange minerals, the calcium of' 
calcium sulphate in solution in ground waters may be exchanged for sodium 
in a manner analogous to the exchange of the calcium of calcium bicar- 
bonate, giving rise to sodium sulphate waters. 

Chloride in ground waters . — Chloride is dissolved in small quantities 
from many rock materials. Near the coast the ground waters may be con- 
taminated by salt water from the sea. Along most coasts fresh water is 
usually obtainable at shallow depths, even very near the shore. The 
distance inland to which salt water may be found in deeper wells depends 
upon the relation between fresh water and salt water in the water-bearing 
formation, which in turn depends upon the rainfall, the seasonal fluctua- 
tions of the water table, the topography, and the permeability and struc- 
ture of the rocks [2]. The chemical composition of many of the salty 
waters found along the coast shows them to be normal ground waters to 
which more or less sea water has been added. Some are sufficiently con- 
taminated with sea water to contain sodium and chloride as the predomi- 
nant mineral constituents. The problem of finding sufficient fresh water 
for a municipal supply is a serious one for many cities on the coast. The 
deep formations may all yield salty water, and the superficial deposits, 
while yielding fresh water, may not yield sufficient water for the use of a 
city. Waters high in sodium chloride may also be found in deep wells 
that penetrate to salt deposits or to connate waters entrapped in the older 
marine sediments or in wells contaminated by the salt water usually found 
associated with salt domes. 

As sodium chloride is also a characteristic constituent of sewage, 
many shallow wells that are polluted by household or barnyard drainage 
yield waters coptaining more chloride than is normal for the formation 
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and area. An abnormal chloride content in water due to pollution is 
usually accompanied by an abnormal nitrate content, as nitrate is a final 
oxidation product of nitrogeneous organic materials. 

Nitrate in ground waters . — Many waters contain less than 1 part per 
million of nitrate, although waters containing more than 100 parts per 
million are sometimes found. Nitrate in shallow waters in excess of a few 
parts per million usually indicates present or past pollution. The inter- 
pretation of the presence of abnormal amounts of nitrate with reference 
to the sanitary condition of the water should be made, however, with 
extreme caution and only after careful consideration of the sanitary .sur- 
roundings of the source of the water, the nature of the rock materials from 
which the water is derived, and the composition of other waters from the 
same formation. Abnormal nitrate due to pollution is usually found only 
in waters from shallow wells near the source of pollution, although waters 
from wells in cavernous limestone may contain abnormal nitrate derived 
from a source of pollution distant from the well. 

Nitrate may also be leached from rocks, although few rocks contain 
appreciable amounts of nitrate except in regions where there are nitrate 
depoMts. Waters high in nitrate are sometimes found in areas where 
caliche occurs, and it is probable that the nitrate in these watens is derived 
from this source. The caliche is not ordinarily related to any particular 
bed that may be regarded as a source of nitrate, although locally richer 
accumulations of nitrate may be associated with particular layers. In 
areas where nitrate fertilizer is used nitrate may be washed from the soil. 
Nitrate derived from such soil may appear in both .shallow and deep 
waters in a considerable area. 

As a rule nitrate is not a predominant constituent of natural waters. 
Only in waters otherwise low in mineral content that are badly polluted 
is nitrate likely to be the predominant acidic constituent. 

The mineral matter dissolved in a water is not a collection of random 
quantities of the different constituents. The quantities of the basic con- 
stituents — calcium, magnesium, sodium, and potassium — dissolved in a 
water are together chemically equivalent to the sum of the acidic constitu- 
ents — bicarbonate, sulphate, chloride and nitrate. In addition to the.se 
constituents that are in chemical equilibrium with each other, all waters 
contain iron, aluminum, and silica, which are generally supposed to be 
present in the colloidal state as oxides. If one basic and one acidic con- 
stituent make up the greater part of the mineral matter dissolved in a 
water it is customary to refer to the water as characterized by the name 
of the compound made up of these constituents. Thus if calcium and 
bicarbonate are the predominant basic and acidic constituents in a water, 
the water is referred to as a calcium bicarbonate water. If, however, the 
quantities of two or more of either the basic or acidic constituent are of 
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about the same magnitude, it is unjustifiable and misleading to charac- 
terize the water by the name of a single compound. 

The waters from some formations show a family likeness to one 
another; they are similar in mineral content and in chemical character. 
Waters from other formations differ greatly in mineral content and chemi- 
cal composition. These differences are usually due to local variations in 
the mineral composition of the rock materials, except where the composi- 
tion of the waters has been altered through contamination by salt water 
or pollution by domestic or commercial wastes. Some waters pass through 
several formations or are composites of waters from different sources and 
are not representatix^e of any particular formation. 
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CHAPTER XIV 

HYDROLOGY OF LIMESTONE TERRANES 

Allyn C. Swinnerton^ 

INTRODUCTION 

Definition of limestone terrane. — ^Limestones constitute between 5 and 
10 percent of the sedimentary rocks [4, pp. 32-34]; their outcrop areas 
measure several million square miles. Limestone terranes, however, are 
those natural regions or other well-defined areas which are underlain by 
dominantly calcareous rocks to the virtual exclusion of rocks of other 
kinds and whose surface and subsurface features are determined by the 
characteristic responses of soluble rocks to weathering and erosion. Such 
a region is commonly designated by the term “karst.” 

Rock solubility, with its corollary of progressive erosional change, 
is the paramount consideration in all elements of limestone hydrologly 
Frequent repetition of emphasis on this factor in its varied relations wil, 
be found in this chapter. 

Occurrence and distribution of limestone terranes. — ^Limestone terranes 
are found throughout the world, mainly on the continents. Some oceanic 
islands also have limestone terranes of small area. Space does not permit 
a review of the salient features of many such regions. In outlining the 
nature of a few areas the purpose is to indicate that such terranes occur 
on rocks of distinctly different ages, structure, and relief. 

The plateau of the western Balkans is the classical area of limestone 
physiography. From it come the name “karst” and other terms that 
are slowly invading English and American geologic literature. The region 
is underlain by thick Triassic and Cretaceous limestones which were 
deformed by Tertiary folding and faulting [44, pp. 392-409]. The char- 
acteristic features, of the Dalmatian karst include caves such as those at 
Adelsberg, interior drainage in large basins with only subsurface outlet, 
many varieties of sinkholes known as ponors, dolinas, uvalas, and polje, 
many “lost rivers” and large springs [6, 33]. All these characteristics 
have produced a reaction on human geography resulting in a concentration 
of population in the interior basins and along the resurgences of the “lost 
rivers” and an avoidance of the barren, waterless, thin-soiled uplands. 

In the United States the distribution of thick Mississippian limestones 
from central Indiana southward through Kentucky to central Tennessee 
1 Professor of Geology, Antioch College, Yellow Springs, Ohio. 
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has created in some ways a more typical limestone terrane than the karst 
itself [23, pp. 285-286], The rocks are well consolidated and have gentle 
dips, presenting relatively undisturbed masses to the effects of erosion. 
In this area are found many caves, of which Mammoth and Wyandotte 
are the best, known, thousands of square miles of sinkholes, and number- 
less “lost rivers” and springs, while surface drainage is limited to a few 
major streams. The relief is least in the northern and southern portions 
of the belt; the caves are simple and the sink holes small but numerous. 
In the central area the relief reaches 400 feet, and complex, many-leveled 
caves and deep, nested sinkholes are found [8, 19, 22, 30, 41, 42], 

The Appalachian Mountains, from New England to northern Ala- 
bama, contain many narrow, elongate limestone valleys. The Shenan- 
doah Valley of Virginia is the largest and best known of such valleys and 
should certainly be considered a limestone terrane. The rocks of the 
valley are of early Paleozoic age and include many thick limestone forma- 
tions, which are involved in complex folding and faulting. Several 
physiographic cycles are evident in the present relief, although the ground- 
water effects — caverns, sinkholes, and springs — appear to be related to 
the present stage [21, p, 13j. 

Many of the larger oceanic archipelagoes and islands such as the 
Bermudas, Bahamas, Cuba, and Puerto Rico, may be said to have lime- 
stone terranes. The larger islands have uplifted reef terraces; the Ber- 
mudas have a complicated recent history of changes of sea level that have 
resulted in a series of calcareous sand dunes, interbedded soils, and marine 
limestones — all in various stages of consolidation [34, pp. 381-468], In 
the Bermudas the permeability is so well developed that no fresh water 
is available except that collected from rainfall. 

The Floridian peninsula is a low-lying limestone terrane. Of par- 
ticular hydrologic interest are the artesian conditions set up in the Ocala 
(Eocene) limestone, which crops out in the northwest-central part of the 
peninsula and dips gently in Sll directions from its outcrop area. [36], It 
carries water to considerable depth and is reached by drilling on both the 
east and the west coasts. A few offshore springs tap the aquifer. In 
the outcrop region there are both recharge and discharge areas. The 
large springs, Silver Springs, Rainbow (formerly Blue) Springs, and others, 
lie in the outflow district peripheral to the slightly higher intake area. 
Outside the outcrop area the Ocala is unconformably overlain by less 
permeable limestones and marls, which help to retain the artesian head. 
However, there is some very permeable limestone of more recent age near 
the surface in the southern part of the State. 

“Fossil” limestone terranes are known. The structural character 
of the Boone formation in the Joplin district, Missouri, is attributed, at 
least in part, to the karst character of the pre-Pennsylvanian surface 
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[35, p. 32]. Nye [10, pp. 180-189] has pointed out compelling reasons 
for regarding the greater part of the present permeability of the luiuifer 
in the Roswell artesian basin. New Mexico, as caused by karst action 
on a Permian land surface. (See also Bretz [2].) 

Composition of limestone . — Pure calcium carbonate contains 56.04 
percent of CaO and 43.96 percent of COj. Clarke [4', p. 564], giving a 
composite analysis of 345 specimens by Stokes, indicates that the average 
content of limestone is CaO 42.61 percent and CO 2 , 41.58 percent. Other 
analyses cited by Clarke show percentages as high as 47.5 CaO and 
43.38 CO 2 . In limestones, as in other rocks, much variation is to be 
expected. Dolomites are commonly grouped generically with limestone.s, 
and, to the extent that they show the physiographic effects of solution, 
their outcrop areas should be included as limestone terranes. 

SOLUBILITY 

Solubility of limestone in water is the factor which, more than any 
other, differentiates the hydrology of limestone terranes from that of 
terranes underlain by other rocks. In most hydrologic studies the rocks 
serving as the reservoir can be regarded as static; in limestone areas the 
rock itself, because of its solubihty, plays a dynamic part. Hence infiltra- 
tion and runoff ratios, permeability, ground-water motion, reservoir 
characteristics, quality of water, and its availability and permanence of 
supply — all these elementary hydrologic relations in limestone terranes 
must be studied with due consideration of the part played by the changing 
characteristics of the rock itself. 

Figures indicating the solubility of calcite are not of great significance, 
for the reason that the observed concentrations of calcium and bicarbonate 
ions in ground water imply greater solution of calcium carbonate than 
data on solubility would indicate as possible. Kendall [16, pp. 958-976], 
Wells [43, p. 617], and Johnston [13, pp. 2001-2020] show the ordinary 
solubility of CaCOs as ranging from 14.3 to 74 parts per million. Analyse.^ 
of ground water (see chapter XIIIe) leave little doubt that the calcium 
carbonate, although CaCOs is not shown as such, commonly range.s from 
100 to 200 parts per million and may reach well oyer 400 parts. 

The study by Johnston and Williamson [14, pp. 975-983] of the 
complete solubility curve of calcium carbonate as the Ca 0 -H 20 -C 02 
system, at 16° C., shows three stable solid phases — ^the hydroxide, the 
carbonate, and the bicarbonate — corresponding to three pressure ranges — 
up to 10~^* atmospheres, 10“>^ to 15, and above 15. In nature, at the 
earth’s surface partial pressures exceed the first of these ranges and are 
normally less than the third. Consequently, for this discussion, the 
effect of the partial pressure of CO 2 on the solubility of the solid CaCOs 
phase is the critical relation. 
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Under ordinary atmospheric conditions, when air exerts a pressure 
of 1 atmosphere, the partial pressure due to carbon dioxide is 0.0003 
atmosphere. At this pressure, at 16'' C., about 63 parts per million of 
calcium carbonate can be dissolved. The partial pressure of CO 2 required 
to dissolve 400 parts per million is approximately 0.065 atmosphere. As the 
observed concentrations of CaCO, commonly fall between 100 to 400, it 
seems apparent that some enrichment of the environment in CO 2 is necessary. 

Adams and Swinnerton [1, pp. 504-508] have discussed the possible 
causes of increased partial pressures of CO 2 leading to the high ground- 
water concentrations of calcium and bicarbonate ions and have pointed 
out that the soil is a potential source of enrichment^ of ground water in 
CO» content. The CO 2 present in the soil, from a variety of sources, will 
exert pressure on water passing through the soil several hundred times as 
great as the COo in atmospheric air, and the solubility of CaCOs by ground 
water subjected to such conditions will be increased manyfold. 

Carbon dioxide enrichment of the ground water through the medium 
of the soil may not be the complete answer, although under many con- 
ditions it is an adequate one, and some experimental work [28, pp. 1467- 
1475] and observations [40] tend to confirm its effectiveness. 

The temperature factor is not highly significant in the ordinary ranges, 
but it is complicated. In general it may be said, after comparing Wells’ 
and Kendall’s figures [43, 16], that whereas the solubility of calcium 
carbonate in air free from carbon dioxide increases slightly with increase 
in temperature, the reverse is true in the presence of carbon dioxide. 

Another problem concerns the differences of solubility of different 
limestones. It seems apparent that in addition to the varying capacities 
of solvents there is a real difference in the capacity of limestones to be 
dissolved. The solubility of certain limestones has been commonly 
attributed to their purity. On this contention, however, the partial 
analyses of the cavernous Virginia limestones shed interesting light, as 
shown by the following table : 

Partial analyses of limestones from Virginia caves 
[By J* H. Yoe, M. C. Goldberg, and Leopold Sender; adapted from. McGill [21, p. 143]] 
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CaCOs 
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MgCO, 
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,47 
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9.07 

9.79 

30.79 
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99.60 

102.14 

100.59 

99.20 
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1. Stones Eiver limestone, Endless Caverns, 

2. Stones Eiver limestone, Massanutten Caverns. 

3. Beekmantown limestone, Luray Caverns. 

4. Conooocheagne limestone, Skenandoah Caverns. 

5. Conococheague limestone, Grand Caverns. 

6. Elbrook limestone, Dixie Caverns. 
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The range in insoluble residue from 0.47 to 30.79 percent, together 
with the range of CaCO* from 64.13 to 98.36 percent, clearly indicates 
that “purity” — that is, high CaCOs content — is not, an essential factor 
in solubility. It is apparent that the physical characteristics of rocks may 
be significant in explaining variations in solubility. Texture, pore space, 
and the presence of colloidal matter or other impurities may eventually 
be found to be effective. 

The time factor in solution cannot be ignored. The longer the period 
of contact of solvent with solute the greater the concentration of the 
solution so long as it remains below saturation. Volume of solvent, area 
of contact surface, and rate of flow are other factors of significance. For 
example, a large volume of solvent of low concentration flowing over a 
large area is probably more effective in producing solution than more 
stagnant solvents of lesser volume and contact. The common ion effect — 
for instance, that produced by the presence of calcium sulphate in solution 
with calcium bicarbonate in the presence of limestone — should, according 
to chemical dicta, depress the solubility of the CaCOs. There is some 
geologic evidence that the reverse may be true for the example cited, but 
for the time being judgment must be suspended. 

Enough has been written here to indicate that the phenomenon of 
solution is an extremely complex matter, depending on the interplay of a 
great many factors. It is on the particular combinations of these varied 
factors that many of the relations of the hydrology of limestone terranes 
need to be considered. Unfortunately it is still necessary to treat of 
solubilities in general terms. 

PERMEABILITY 

Permeability, meaning the capacity of rock to permit the passage of 
fluids, depends on the porosity, the size of the openings, and the fracture 
pattern. It is imt)ortant to note that porosity does not always mean 
permeability. 

The permeabilities of limestone are in general of two kinds — (1) that 
provided by primary porosity, in which permeability is attained by the 
presence of the initial, communicating pore space that remains in incom- 
pletely consolidated rocks, and (2) that achieved largely through the 
network of a joint-fracture pattern produced secondarily in the limestone 
by diastrophic forces. The first type of permeability may be designated 
as primary; the second as secondary. Both kinds of permeability may be 
present in the same rock. Studies by petroleum geologists have con- 
sidered extensively the porosity and permeability of limestones in relation 
to rock fluids [12, p. 1155]. 

The solubility of the rocks permits a modification by circulating .water 
of permeability of both kinds. Hence in a limestone region the permea- 
bility, undergoing progressive development, ordinarily increases. 
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^ Figures on the degree of permeability are not commonly available. 
Where permeability can be measured the data are sometimes amazing. 
Stringfield [37] reports: 

Some of the most permeable limestone formations are in Florida and the Coastal 
Plain of Georgia. These include the Ocala limestone, of Eocene age, in Florida and 
Georgia, and limestone of Pleistocene and Pliocene age in Dade County, in southern 
Florida. The permeability in these formations appears to be chiefly secondary in origin. 
However, part of it may be primary. . . . These rocks contain both artesian and non- 
artesian water, and their capacity to yield water to wells is notably different from that 
of limestone formations, which yield water only from fractures or joints or a few solution 
channels. . . . 

Few if any of the wells drilled into the Ocala are dry. It is not unusual for the larger 
wells to yield more than 1,000 gallons a minute, and a yield of 7,500 gallons a minute with 
a drawdown of only 9 feet has been recorded for one well. The Ocala is the principal 
source of ground water in the coastal area of Georgia, where it yields to wells in the six 
counties bordering the coast more than 80 million gallons a day. . . . 

Observations indicate that the limestone will transmit at Savannah, Ga., about 
250,000 gallons of water a day through each mile width of the formation for each foot per 
mile of hydraulic gradient. This means, of course, that with a hydraulic gradient of 
10 feet per mile, which is comparable to some of the gradients in the Savannah area, each 
mile width of the formation will yield 2,500,000 gallons a day. Observations at Bruns- 
wick, Ga., . . . indicate that the rate at which the limestone will transmit water is several 
times that at Savannah. . , . The permeability [of the Ocala formation] in areas where 
the formation is at or near the surface, as in Marion County, Fla., is much larger than 
that where the formation is deeply buried, as in the southern part of Florida. 

Although not as extensive as the Ocala formation, limestones of Pleistocene and 
Pliocene ages in Dade County, Fla., are notable for their permeability. Observations 
indicate that these formations will transmit at Miami about 3,000,000 gallons of water a 
day through each mile width of the formation with a hydraulic gradient of 1 foot per 
mile, or about 12 times the capacity of the Ocala under the same gradient at Savannah. 

The effect of this marked permeability is strikingly indicated by the 
very shallow drawdown in one of the Miami well fields, as shown on the 
map (Fig. XIV-1) submitted by W. P. Cross, of the United States Geo- 
logical Survey. 

The following brief discussion is also furnished by Mr. Cross : 

‘ ‘ The limestone in the Miami area is highly productive, and thousands 
of wells, from about 20 to 200 feet deep, are used for public, industrial, 
and domestic supplies. The surface is very flat, with altitudes from sea 
level to about 30 feet. The soil is sandy, is usually thin, and has a high 
infiltration capacity. There is no direct surface runoff, except in paved 
areas. The average rainfall is about 60 inches a year, and much of the 
rain f all reaches the water table. 

“Conditions in the Miami well field, shown on the accompanying 
map (Fig. XIV-1) , are typical. Fifteen municipal wells, with depths from 
55 to 100 feet, supply Miami and nearby cities. Well logs indicate about 
3 feet or less of sandy soil, underlain by about 20 feet or less of oolitic 
limestone (Miami oolite). The oolite in this area has many vertical 




HYDROLOGY OF LIMESTONE TERRANES 


663 


It is clear from such data, not only that the permeability of limestone 
may be very great but also that such permeability may be of both primary 
and secondary nature and that it may be generally distributed in the 
formations as a rock characteristic. Such conditions may be contrasted 
with those prevailing in the older rocks of the Kentucky-Tennessee region, 
where the permeability is mainly secondary, and, although it may be very 
great because of large cavern channels, nevertheless the availability and 
permanence of supplies of water obtained by drilling are very uncertain. 
Elsewhere — for example, in the limestone areas of Iowa and Minne- 
.sota [11, 29], where the permeability, here also mainly secondary, is rela- 
tively low — the regional dip, carrying the beds underground and blocking 
circulation, causes the network of joints to be filled with water. Hence, 
even though the permeability is not great, water is relatively accessible. 

Permeability and its development may, under certain specific cir- 
cumstances, be independent of any particular physiographic stage; it may 
have been inherited from a previous cycle or it may depend upon an 
ancient karst underlying an unconformity. Under such conditions per- 
meability may be superposed upon a terrane in somewhat the same manner 
as surface streams are said to be superposed. It is exceedingly difficult 
to prove conclusively that channels now functioning had their origin as 
part of a “fossil” karst, but for specific areas such an origin is strongly 
suspected [10, 21. 

HYDROLOGIC CONDITIONS 
Runoff, infiltration and discharge 

In many parts of limestone terranes, because of their great per- 
meability runoff is lacking, and springs and surface streams are few. The 
high infiltration in such areas leads to great ground-water recharge. 
Hence, in contrast to the dry surfaces there is commonly a counterpart 
area where the ground water is discharged in large springs, giving rise to 
streams that fluctuate with changes in the discharge of the springs. They 
are generally more constant in flow than streams in terranes of other rocks 
supplied by runoff. 

The relations of runoff and infiltration in limestone terranes are 
changed progressively by the solutional modification of the rocks by 
ground water. In a region at the beginning of a physiographic cycle the 
ratios of runoff and infiltration wiU be similar to those in other terranes 
of the same relief and physical characteristics. However, in an area in 
which the erosional cycle has proceeded toward maturity the infiltration 
will be markedly increased, because the underground passageways are 
enlarged, and sinkholes are prominent surface features. Under these 
conditions the surface water promptly finds its way below the surface, 
and stream runoff, except for major drainage lines, is largely lacking or 
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Fig. XIV-2.— Map of a part of the Mammoth Cave quadrangle, Ky., showing large valley-llke Sink- 
holes in the upper part and many small sinkholes and several lost rivers in the lower part. 
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only short-lived. (See Fig. XIV-2.) Ground-water flow and discharge 
from springs correspondingly will be very great. 

Where the physiographic cycle has reached old age the effect of 
decreased topographic relief masks the effect of increased permeability. 
Runoff becomes greater again, because the capacity for infiltration is 
diminished by the reduction of flow induced by relief head. 

Groxjnd-water circulation and the water table 

Theoretically ground water moves in arcuate paths following lines 
of flow that have their origin at the water table, curve downward below 
the water table for some distance, and then rise to the outlet. (See 
chapter Xb.) Diagrammatically these flow lines can be represented by a 
family of curves, the spacing of which is closest near the area of outlet and 
becomes wider along the water table as the distance from the outlet 
increases. A similar family of curves can be drawn showing equipotential 
surfaces that represent the ratio between head and length of path. Such 
lines cross the flow lines at right angles. The volume of flow is equal 
between the lines representing flow. 

In ordinary isotropic media where structural control does not inter- 
vene the arcuate pattern will probably be maintained with little modifi- 
cation. In limestones, on the assumption of a distribution of primary 
permeability or of joint spacing equivalent to an isotropic medium, the 
initial stages of ground-water circulation will undoubtedly have an 
arcuate pattern of motion. However, because of solution the lines of flow 
will be modified as soon as movement has begun. The concentration of 
flow lines at the outlet area, together with the greater velocities in this 
zone, will result in an enlargement of the outlet area and a consequent 
shallowing of the more remote arcuate paths. Hence the more direct 
paths will become larger than the less direct paths and will permit 
progressively larger flows at the expense of other passageways. This accel- 
erating relation is certainly not a direct proportionality; too many vari- 
ables enter as factors, but the general relation is clear. 

In a practical sense the circulation of ground water in simple lime- 
stone terranes is separable into two elements — that which supplies water 
to the water table, largely vertical movement, and that which drains the 
water below the water table, largely horizontal movement. The depth 
and configuration of the water table at any time depend not only on the 
infiltration but also on the extent to which the enlargement of vertical 
passageways and of lateral drainage systems has progressed at the depth 
of the major surface valleys. 

In some limestone terranes the water table conditions are so anoma- 
lous that many foreign investigators, notably Cramer [5, pp. 306-323] and 
Martel [26], disregard entirely the concept of the water table. However, 
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the conclusion seems inescapable that a zone of water saturation exists 
below limestone areas, even those well advanced toward ph.ysiographic 
maturity. 

Under relations of structure and stratigraphy that create arte.sian 
conditions in limestone terranes the behavior of ground water i.s very 
similar to that of water in other aquifers. The chief differences relate to 
the greater development of permeability and hence to a greater velocity 
of flow, greater reservoir capacity, and greater availability of water in 
limestones than in other rocks. 

The ground-water reservoir 

From the hydrologist’s point of view the water that is in circulation 
between the sites of infiltration and discharge can be regarded as a ground- 
water reservoir. The character of the rock permeability and the extent 
of its development are significant factors in determining the features of 
the reservoir and the availability of its water. A second element is of 
equal significance: in some situations the structural relations of the 
limestone control the behavior of the ground-water circulation and, in 
consequence, affect the nature of the reservoir — ^for example, in areas where 
artesian conditions exist. 

In a simple limestone terrane having predominantly primary permea- 
bility— that is, overlapping pore space — in a region where the topographic 
relief is moderate and structural control of flow is slight, infiltration will 
ordinarily exceed runoff, at least until the pore space of the limestone is 
filled to capacity. The gravity discharge of this mass of water by means 
of springs and seepages will permit slow circulation to the outlets and will 
result in the lowering of the water table until it is replenished and raised 
by further infiltration from precipitation. In this situation the avail- 
ability of water will ordinarily be great : the water in wells will rise to the 
level of the water table and will fluctuate with the water table. The 
amount of fluctuation will depend upon the frequency of precipitation and 
upon the permeability. The greater the permeability the more rapid the 
flow through the reservoir to the discharge points, and in consequence 
the fluctuations of the water table will be great. 

In a limestone terrane in which the permeability is mainly second- 
ary — that is, by means of a network of joints — in a region where the topo- 
graphic relief is moderate and structural control of flow insignificant, the 
infiltration will depend upon the physiographic development. In the 
early stages of the erosion cycle runoff will be relatively large and infiltra- 
tion will be slight. After slow circulation along the joint network has 
enlarged the joint planes by solution, the infiltration will increase at the 
expense of the runoff. By the time maturity is reached the joint network 
may be so enlarged that these channels will be only partly filled. Those 
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which have l)oconie greatly enlarged may rob the smaller openings of water 
except at times of copious infiltration. In such a region water supply 
from wells is very uncertain; some wells may reach the streams flowing 
through the large openings and so obtain plentiful supplies, others may 
(‘ut relatively dry rock between the joints, and still others may tap the 
small fissures with intermittent supplies of water. Water will not rise 
in any of these wells, and fluctuations of level, even in those of abundant 
supply, may be very great. 

In some limestone terranes a subterranean drainage system has 
de\'eloped that is somewhat comparable with the surface drainage system 
in a terra ne of relatively impermeable rock, the part of the limestone 
above the subterranean stream channels being merely a sieve and the 
surface drainage system being almost completely abandoned. In such 
terranes there may be comparatively little water in storage, and the 
water table is not a prominent feature. 

In regions where the limestone is involved in folded or tilted structure, 
so that artesian or pseudo-artesian conditions occur, the availability of 
water is dependent on the nature of the permeability. If the permeability 
is of the primary type, water will be generally available and will rise in 
wells to the level of the piezometric surface. In regions where the struc- 
tural (!onditions are similar but where permeability is secondary, the 
availal)ility of water to a well will depend upon the intersection of the 
well with joint openings. Ordinarily, as the openings are completely 
filled with water and' under artesian pressure, the supply will be abundant. 
In such regions water will also rise in wells to the piezometric surface. 
The fluctuation of level of the piezometric surface is commonly not great 
except during long periods of drought or in regions where the supply of 
water ha.s been overdeveloped by too much drilling. 

Natural outlets occur in both the simple gra'vity type of circulation 
and the artesian type. In areas of the first type springs and seepages 
occur along the river valleys at approximately the level of the streams. 
In the artesian reservoirs natural outlets occur where faults or continuous 
joint zones cut through the aquifer and the overlying impermeable zones. 
Outlets may also occur peripheral to the artesian intake area just inside 
the line of outcrop of the overlying less permeable rocks. This situation 
occurs only where the recharge is abundant and the aquifer has little or 
no outlet down its dip. For example, in Florida the artesian conditions 
in the Ocala formation (see p. 657) are such that an area of surface dis- 
charge surrounds the intake area. It is well known that discharge from 
the aquifer also occurs from submarine springs off the Atlantic coast and 
that transverse as well as down-dip circulation takes place. However, 
in large parts of Florida recharge is so great that the piezometric level 
remains above the topographic surface outside of the intake area. 
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Complex limestone hydrology 

The foregoing more or less theoretical discussion of hydrologic rela- 
tions has been, of necessity, oversimplified. Likewise no integrated pic- 
ture of the whole regimen of precipitation, runoff, infiltration, circulation, 
and discharge has been attempted. An example of actual conditions will 
serve to correct the preceding disproportionate emphasis. 

In the vicinity of San Antonio, Tex., the hydrologic resources are 
largely determined by the character, distribution, and structure of the 
Edwards limestone. Two adjoining sets of conditions — one a simple 
gravity reservoir in the Edwards Plateau, the other down-dip and artesian 



Fig. XIV-3. — Idealized diagram of structure controlling ground water in the vicinity of San Antonio, 
Texas. After Livingston, Sayre, and White. 


circulation in the Balcones fault zone — combine to give a unique and 
instructive picture of ground-water behavior in limestones, Livingston, 
Sayre, and White [18] have reported the conditions vividly and in detail, 
(See Fig, XIV-S,) They say: 

The Edwards limestone is more soluble than most other limestones [in the region] 
and has become honeycombed or cavernous by solution channeling over wide areas 
both on the Edwards Plateau and in the Balcones fault zone. . * . These openinp are 
interconnected for long distances and form extensive underground reservoir systems, 
which, to a large extent, control the available supply of water in the region — ^both surface 
and underground. . . , [18, p. 72]. 

The plateau reservoir system [north and west of San Antonio] is located in areas in 
which the Edwards formation caps a large part of the interstream uplands and absorbs a 
high proportion of the rainfall. In these areas the water sinks through cracks and solution 
channels to the lower part of the formation, where it is prevented from going deeper by 
the relatively impermeable beds of the underlying formations. The water table in the 
body of ground water thus accumulated in many places is above the valleys of the larger 
streams, and the water moves laterally by gravity in the beds of the limestone, which 
are almost horizontal, and largely appears in the valleys as springs, usually along the 
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base of the ‘Edwards limestone. . . . These contact springs are the source of the perennial 
rivers of the Edwards Piateau, which are famous for the clearness of their waters and the 
relative (‘onstancy of their flow. . . . 

Tlie lower or fault-zone reservoir occurs in the body of the formation that extends 
Gulfward from the Baleones escarpment (18, pp. 72-73]. 

In the outcrop area of the Edwards limestone along the Baleones escarpment the 
beds usually dip to the south or southeast at an angle materially greater than the slope 
of the surface. . . . The [structural] arrangement is ideal for the intake of water by the 
permeable beds of the limestone. The streams cross the outcrop, area nearly at right 
angles to the strike, and most of them flow for miles on the Edwards limestone. In these 
stretches the water level in the Edwards reservoir is below the level of the streams, and 
the streams lose heavily into the reservoir. Ground-water recharge is also provided from 
rainfall on tlie outcrop by direct penetration and by seepage from innumerable small 
drainage channels that ordinarily carry water only during and for brief periods after 
exceptional I}’' heavy rains [18, p. 75]. 

It appears probable that the combined annual losses into the Edwards from the 
Medina, Frio, Dry Frio, Nueces, and Sabinal Rivers and Hondo Creek may average as 
mucfi as 150,000 acre-feet, the equivalent; of a continuous flow of about 134,000,000 
gallons a day (18, p, 77]. 

The principal natural outlets of the reservoir are springs that emerge along fault 
planes, among the largest of which are the Barton Springs, at Austin; the San Marcos 
Springs, at San Marcos; the Comal Springs, at New Braunfels; the San Antonio and 
San Pedro Springs, at San Antonio; the Las Moras Springs, at Brackettsville; and San 
Felipe Springs, at Del Rio. These springs are among the largest and best known in the 
southwestern part of the United States and are the sources of good-sized rivers and creeks 
(18, p. 74]. 

In 1934 the combined discharges of San Antonio and San Pedro 
Springs averaged nearly 12,000,000 gallons per day [IS p. 90]. 

The regimen of the streams of the Edwards Plateau has an important effect on the 
performance of the underground reservoir in the fault zone. The streams are fed in large 
part from the underground water systems of the plateau, and this ground-water inflow is 
nearly uniform for long periods. After heavy rains the ground-water discharge usually 
increases greatly and may be sustained at relatively high but slowly declining stages for 
a long time. In some dry years, such as 1925, the discharge of the streams of the plateau 
consists almost entirely of ground water. The rainfall in 1925 was exceedingly low, among 
the lowest on record at San Antonio and Uvalde. Nevertheless, the combined ground- 
water discharge of the Medina, Nueces, and Frio Rivers in that year amounted to about 
70,000 acre-feet, most of which was derived from the Edwards reservoir of the plateau 
'«nd entered the lower part of the Edwards reservoir in the Baleones fault zone [18, p. 77). 

PHYSIOGRAPHIC FORMS 

Sinkholes , — Precipitation finds its way to the water table in limestone 
areas largely through the medium of depressions, or sinkholes, which lead 
the water generally downward through enlarged joint openings. In 
regions of wellrdeveloped subsurface drainage the land surface is pock- 
marked with sinkholes to the extent that such terms as sinkhole plain 
or ^^karst flat may be used. In the Mitchell Plain, in southern Indiana, 
Malott [23, p. 289] counted over a thousand sinkholes in 1 square mile. 
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Commonly shaped like inverted cones, sinkholes show much vari- 
ation in both shape and size. They range from small vertical openings 
to gigantic valley-shaped land fornas. Some sinkholes contain water, 
either temporarily or permanently. (See Fig. XIV-2.) 

The origin of some sinkholes and karst valleys may be attributed to 
such complex developments as the piracy of surface streams by sub- 
surface drainage [24, p. 1984], or to the intersection of caves by surface 
tributaries. More commonly sinkholes are the result of the erosion by 
surface concentrations of infiltering ground water [32, pp. 120-122; 17] or 
represent the connection between surface and cave resulting from the 
collapse of the rock above the cave. In regions where a thin cover of 
insoluble rock overlies the limestone the collapse type is likely to pre- 
dominate. The textural pattern in the distribution and dimensions of 
sinkholes may be determined, as Meyerhoff [27, pp. 279-295] has pointed 
out, by the relation to baselevel, or it may be controlled by the structure 
[39, pp. 218-219]. 

Submrface forms . — The common subsurface erosional form is the 
tunnel-shaped cavern. It is usually nearly level, and generally linear in 
pattern or broadly curving. In places a two- or even three-dimensional 
network of tubes is present . J ointing is commonly the cause of the ground 
plan of a cave; jointing and structure, of its profiles and form. Locally 
some notable structural feature may deternaine the position of a cave. 
For example, the Timpanogos Cave, near Provo, Utah, has been excavated 
along a fault in thick limestones. 

Vertical openings, other than fissure-form caves, are of two general 
types. Both are spectacular. Collapse of the ceiling may increase the 
height of a passageway, usually at the point of intersection of a cross 
passage. A second type of vertical opening is represented by the pit- 
and-dome shaft found in the cavern systems of the Mammoth Cave 
plateau. They are vertical tubes or prisms, of relatively small diameter 
but of considerable vertical extent. 

The separation between chemical and corrasional work in the enlarge- 
ment of the cave tubes themselves is especially diflficult, because of the 
absence of distinguishing criteria. Mechanical erosion is undoubtedly 
effective, but its extent has not been adequately evaluated. 

Stalactites, stalagmites, and columns formed by the intergrowth of 
the two, curtain deposits hanging from ceiling and wall, and travertine 
domes and half-domes are the ordinary deposits of calcium carbonate. 
Lobeck [19, pp. 377-387] and McGill [21, pp. 119-134] have described in 
detail the many depositional forms. In general cave deposits occur only 
in the upper levels of cavern systems, where infiltering ground water has 
access to the caves through many slightly enlarged joint openings. 
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In addition to the drip- and flow-stone deposits of calcium carbonate, 
most caves have slight and some caves abundant deposits of iron oxides, 
manganese oxides, and more rarely dolomite [20]. In a few caves gypsum 
crystals in prismatic curving forms are found on the ceilings; more 
rarely mats of acicular gypsum crystals are present. In a few places 
there are caves lined with calcite crystals, making immense geodelike 
openings. 

Sand, silt, and clay deposits, washed in by cave streams or left as 
residual material, are found in practically all caves except those swept 
free by rapidly moving water [17, 31]. 

Several writers [7, 30, 38] have discussed the origin of caves. Briefly 
summarized, three hypotheses are differentiated on the basis of the rela- 
tion of the cave to the water table at the time of formation. The vadose- 
water hypothesis places the site of formation above the level of the water 
table; the two-cycle hypothesis attributes the major solutional activity 
to slowly moving water far below the water table; and the hypothesis of 
lateral water-table flow ascribes the formation of caves to the sideward 
drainage of the fluctuating water zone immediately below the water 
table. 

These views assume highly idealistic conditions, which are rarely 
found in specific cave areas. Whichever hypothesis may be accepted as 
the general principle governing cave development, the local application 
to any particular cave area must take into account the influence of the 
regional physiography, structure, stratigraphy, permeability, soil cover, 
the amount and frequency of the precipitation, and the theoretical sites 
of circulation. In Virginia the first three factors are important; in the 
Mammoth Cave district the regional dip, the permeability, and the 
differences in solubility are influential; in north-central Florida artesian 
conditions control. Malott [23, p. 314] who has studied the Indiana caves 
extensively, finds that a choice between the hypotheses of two cycles and 
lateral water-table flow is of little moment, provided that the importance 
of the sapping of the surface streams by ground-water underflow is 
recognized. 

A discussion of the stages of the physiographic evolution of a limestone 
terrane is not appropriately included in an outline of hydrologic relations. 
Such material may be found in Lobeck’s description of Mammoth 
Cave [19, pp. 351-370] and in Cvijic’s work on the Dalmatian karst 
[6; 33, pp. 593-604]. In principle, the development of surface and sub- 
surface forms progresses simultaneously with the secular modifications of 
permeability and ground-water circulation, which have already been 
emphasized. In turn, permeability and circulation are modified to some 
extent by the changes in relief. 
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SPRINGS 

Large springs are not uncommon in limestone terranes. Of the 199 
springs listed by Meinzer [26, p. 4] as having a maximum discharge of at 
least 100 second-feet, 76 occur in limestone. Several kinds of limestone 
springs have been recognized — fluctuating springs in which the changes 
in discharge are closely related to precipitation, ebb-and-flow springs, 
springs of changing outlet, and springs of constant discharge. 

It is typical of the first variety that careful records of discharge and 
of rainfall correspond sufficiently to demonstrate the immediate relation 
between the area of infiltration and the ground-water outflow. Slight 
discrepancies are attributable to a minor reservoir effect in the passage- 
ways between intake and outlet. One of the most completely studied 
springs of this type in. the United States is at Huntsville, Ala. [41, p. 8, 
pi. 5; 14a, pp. 271-272]. The relation of precipitation to discharge is 
such that estimates of ground- water deficiency have been based on it. 
Other well-known springs of this class are the Meramec, Greer, and 
Bennett Springs, in Missouri [26, pp. 19-27, pis. 3-5, fig. 7]. The Fon- 
taine de Vaucluse [15, pp. 284-291], the largest spring in France, belongs 
also in this group. 

Fluctuating springs of quite a different character are the ebb-and- 
flow or periodic springs, which probably occur only in limestone terranes. 
Such springs have a relatively constant flow interrupted at more or less 
regular intervals by short periods during which there is no discharge or 
greatly decreased discharge. Springs of this type are briefly described 
by Meinzer in chapter Xa. 

Ebb-and-flow springs of another sort occur along coasts in the inter- 
tidal range. In the Bermuda Islands, at low tide, the shore line is marked 
in a few localities by seaward seepages from solution passageways. The 
flow of these seepages is undoubtedly reversed at high tide, as there is a 
tidal fluctuation in the caverns. 

Springs with changing outlet represent another anomalous condition. 
Theis [41, p. 40] describes one in south-central Tennessee as follows: 

This spring . . . furnishes water to several hydraulic rams to supply the needs of 
inhabitants in the community of Bighyville. According to reports, after each of several 
heavy rains in a recent wet year the spring ceased flowing and another normally dry 
opening about 100 yards up the creek and at nearly the sanae altitude began to flow. 
This continued so long . . . that the rams were moved to the new spring. . . . Unfor- 
tunately, however, the new spring would soon cease to flow and Bigby Spring would 
begin again, necessitating the return of the rams. . . . Such behavior can. he explained 
on the basis of a hydraulic system involving siphons whereby one channel is put in oper- 
ation when the water table is high and the other when it is low. 

Limestone springs of constant flow are those having extensive passage- 
ways, usually below the average water-table level, which serve as reservoirs 
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and smooth out the irregularities of precipitation before the intake is 
discharged. Such springs are not constant in the sense that no variation 
of flow occurs, but rather in the sense that the changes are not sudden, 
and the slow rate of change is related to the secular adjustment of the 
water table over a large area. Meinzer [26, p. 12] gives the following data 
on Silver Springs in Florida: 

The discharge of the basin [Silver Spring] . . . ranges from 342 to 822 second-feet 
[about 221 million to 531 million gallons a day], . . . Comparison of the daily gage height 
from May 25, 1906, to December 31, 1907, with the daily precipitation at Ocala, 6 miles 
from Silver Spring, . . . shows some unexplained anomalies but otherwise seems to 
indicate that the discharge is not greatly affected by single rainstorms, even though the 
precipitation is heavy, but increases gradually in rainy seasons and decreases even more 
gradually in dry seasons. 

Another type of spring with relatively constant flow is formed by the 
“rise” of lost rivers. In such localities excessive precipitation is cared 
for by surface flow in the area of the sinks. Springs of similar type are 
occasionally to be found on the downstream side of incised meanders, 
where subsurface piracy is occurring through the meander neck. Such 
springs are relatively constant in flow, because the ground-water channels 
are filled as long as there is water in the stream. 

QUALITY OF WATER IN LIMESTONE TERRANES 

The chemical characteristics of water obtained from hmestone are 
described by Dr. Margaret Foster in chapter XIIIe. Other factors affect- 
ing the quality of water are turbidity and contamination. 

The degree of turbidity and the amount of suspended matter may 
vary greatly from time to time in springs and wells in a limestone region. 
This is particularly true in those springs where rapid runoff into sinkholes 
and flow through enlarged cavern channels permit the maintenance of 
some turbulence during periods of great infiltration. Under these con- 
ditions heavy precipitation in the intake area is reflected in high tur- 
bidity, as well as in high volume, at the discharge points. On the other 
hand, extended ground-water circulation— ^f or example, under artesian 
conditions — will enable the water to free itself of mechanically carried 
material. Where the increases in recharge are not immediately followed 
by increases in discharge — ^that is, where there is sufficient reservoir effect 
to mask the irregularities in precipitation — ^the discharge water is normally 
clear. 

Bacterial contamination is commonly high in water in limestone areas, 
frequently so high as to render the water unfit for human consumption 
without treatment. The high infiltration means that bacteria from soil 
and from surface waste reach the water table quickly. Unless there is 
an established ground-water reservoir in which the water will sterilize 
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itself or a natural filtering medium in which the organic sediment and sus- 
pended matter can be removed by adsorption, contamination will be high. 
In general, supplies from springs of constant flow and from artesian sources 
are more likely to be free from contamination than water from other 
sources, though their hardness may be greater. 

ENGINEERING PROBLEMS OF LIMESTONE TERRANES 

The marked permeability of some limestones, the general impervious- 
ness of others except where the network of joints and bedding planes has 
been enlarged by solution, the relatively large fluctuations of the water 
table in short periods, and the invisible extent of the underground passage- 
ways and weakened zones create varied conditions affecting engineering 
works in Umestone terranes. The types of projects seriously influenced 
by the presence of Hmestone include water supply, waste disposal, reser- 
voirs, and canals, where permeability is the essential factor, and to a 
lesser extent foundation construction for dams, buildings, and other works, 
where the supporting strength of the rock is significant. The conditions 
are so varied that space does not permit a review of them [3, 9, 10, 30, 
36, 41]. A few of the conventional techniques that are employed in 
typical situations are indicated below. 

It is always desirable to determine the nature of the rock permeability, 
whether primary or secondary, and the capacity and distribution of the 
passageways or zones of permeability. 

Where the permeability is primary, observations of water levels in 
wells will show whether the ground water is under artesian or gravity 
pressure. These data will also indicate whether the permeability is rela- 
tively constant over wide areas or varies locally. The amount of lowering 
of the water table and the shape of the area of drawdown surrounding a 
well from which excessive withdrawal is taking place and the recovery 
after pumping ceases will usually form the basis of estimates of permea- 
bility, rates of flow, and supply. 

On the other hand, where the permeability is secondary some informa- 
tion about amount and direction of ground-water flow can be obtained 
from the observation of the alinement of sinkholes and of the relation of 
precipitation to the fluctuations of discharge of springs. Dye tests, using 
fluorescein or other chemicals, may be used to confirm these prelinoinary 
observations. However, it must be emphasized that no indirect method 
will determine the size of hidden cavern chambers. Even close explora- 
tory drilling will sometimes miss large openings. When drilling is used to 
locate rock weakened by weathering, water levels in the holes should be 
measured and pressures applied to learn if the weak rock is actually per- 
meable. If the water levels in wells are lower than the level of a stream 
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that is to be dammed, heavy leakage out of the reservoir may occur after 
the dam is built. 

In projects involving water supply it is essential to know where the 
water comes from, as well as the capacity; in waste disposal it is essential 
to know where the material goes. In dams the supporting strength of 
the rock and the tightness of the reservoir are paramount considerations. 
Leakage through enlargement of passages by solution is not so much to 
be feared, although this has been known to occur, as the washing out of 
clay and silt fillings of fissures that are assumed to be tight. In some 
reservoirs the capacity has been larger than was estimated because of the 
bank storage permitted by cavern systems. 
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CHAPTER XV 

HYDROLOGY OF VOLCANIC TERRANES 

Haeold T. Stearns^ 

INTRODUCTION 

Volcanic terranes consist of extrusive rocks erupted frona volcanoes 
and deposited on the earth’s surface and intrusive rocks that congealed 
below the surface. They may be classified according to their composition 
as (1) basalt, a dark-colored rock, low in silica and high in ferromagnesian 
minerals; (2) rhyolite, a light-colored rock, high in silica and low in ferro- 
magnesian minerals, and (3) a whole series of rocks having a composition 
intermediate between basalt and rhyolite, such as andesite, dacite, latite, 
and trachyte. The silica-rich rocks are commonly more viscous than 
basalt and are more often erupted in fragmental condition. For these 
reasons they tend to pile up close to their vents and build steep volcanoe.s 
such as Mount Lassen, California; Mount Hood, Oregon; and Mount St. 
Helens, Washington. The basalts, being more fluid, usually spread in 
wide sheets and form plains, such as the Modoc lava beds, in northern 
California; the Columbia River Plateau, in Oregon and Washington; and 
the Snake River Plain, in Idaho; or build shield-shaped domes, such as 
Kilauea and Mauna Loa volcanoes, in Hawaii. 

Volcanic rocks are classified also according to their physical state 
when erupted. If poured out as molten lava they are flows, if blown out 
as fragments they are pyroclastic rocks, if solidified in cracks or other 
voids in the earth’s crust they are intrusive rocks, and if they consist of 
fragments deposited in pipe-shaped vents they are throat breccias. 

The flows with billowy and ropy surfaces distributed to the margin 
through tubes of their own making are called pahoehoe. With minor 
exceptions only basaltic or closely related rocks form lava of this type. 
The flows with chnkery or jumbled surfaces are called flow breccias. 
These are of two types — those of basaltic rocks, called aa, and those of 
silica-rich flows, called block lavas. 

'Dikes, sills, plugs, and bosses are the chief shallow intrusive bodies. 
All have low permeability, and most of them are practically impermeable. 
Where dikes form swarms cutting permeable rocks they commonly con- 
fine valuable water, as in the Hawaiian Islands. Sills interrupt the down- 

^ Geologist in charge of ground-water investigations in Hawaii, Geological Survey, United 
States Department of the Interior, Honolulu, Hawaii. 
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ward movement of water through permeable rocks and in such places 
cause perched water. Scattered dikes tend to retard the movement of 
ground water, and water moving downward along them causes serious 
drainage problems in some mines. 

Figure XV-1 is a map of the western part of the United States show- 
ing areas in which Tertiary and Quaternary volcanic rocks are at or near 



Ficu XV-L-”-Map of the western part of the United States, showing areas in which Tertiary 
or Quaternary volcanic rocks are at or near the s\irface. After U. S. GcoU Survey Water-Supply 
Paper 489, 


the surface. Most of these rocks are basalt. The most striking charac- 
teristic of basaltic lava, as related to its hydrologic properties, is its per- 
viousness. This fact is commonly overlooked or even stated to the 
contrary. 

A marked difference is shown in the amount of ground water available 
in islands that are emerged submarine volcanoes, such as are found in 
Micronesia, and those that are subaerial volcanoes, such as are found in 
Polynesia. Submarine volcanoes are chiefly explosive, and the pyroclastic 
rocks from them are poorly sorted and commonly laid down with ashy 
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shales and other sediments of low permeability. Lava flows poured out 
beneath the sea are usually pillow lavas or breccias that would nonually 
be highly permeable, but the great quantities of steam associated with 
such volcanoes impregnate these rocks and seal up most of the openings 
with secondary minerals. 

PREVIOUS WORK AND LITERATURE 

The geologic study of ground water in volcanic terranes w'as begun 
in 1900 in Idaho by Russell [15] and in Hawaii by Lindgren [6]. At an 
early date several engineers, well drillers, and others on the island of Oahu, 
Hawaii, were contributing to local journals facts and theories relating to 
the occurrence of water on that island [31]. However, it was not until 
0. E. Meinzer, W. 0. Clark, and H. S. Palmer, of the United States Geo- 
logical Survey, arrived in 1920 that systematic study of the occurrence of 
water in the Hawaiian Islands began. 

A mass of literature has appeared regarding water in the rocks of 
Oahu. This has been annotated by Norah D. Stearns [31]. The chief 
publications dealing with the occurrence of water in the Hawaiian Islands 
are those by Meinzer [11], Clark [20], Palmer [14], McCombs [7], Vaksvik 
[23, 26], and Stearns [20, 23, 26, 27, 29, 30]. 

The outstanding treatise on the occurrence of water in volcanic rocks 
in the United States was written by Meinzer [9]. Other publications deal- 
ing with the subject are those by Landes [5], Calkins [1], Sehwennesen 
[16], Meinzer [8], and Stearns [18, 21, 24, 25, 28]. One of these papers 
[25] describes in detail the occurrence of water in about 16,000 square 
miles of the Snake River basalt plain. 

Much is now known about the occurrence of water in basalt, as shown 
by the detailed studies mentioned, but surprisingly little is known about 
the occurrence of water in volcanic rocks of other kinds. This is chiefly 
because basalt tends to build flat areas where agriculture can be pursued 
profitably and because it has proved to be so reliable and voluminous as 
a water bearer. Although nonbasaltic volcanic rocks cover large areas 
in the United States, they are found generally in more rugged country 
than basalt. Also, they have a much more variable and generally lower 
permeability than basaltic rocks, a fact which has tended to retard devel- 
opment of water in them. 

EFFECT OF BASALT FLOWS ON DRAINAGE 

Great changes are wrought in any drainage system inundated by lava 
flows. Most basalt flows are fluid when erupted, and in an eroded area 
they invariably follow stream channels. If enough lava is produced, all 
the valleys may be obliterated, and a gently doping plain or dome may 
result. If a valley is not entirely filled with lava, the stream may return 
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to the valley. At first it loses water rapidly in traversing the porous lava 
fill, but in time the stream, if a large one, generally silts up its channel 
-sufficiently to find its way across the lava. Because of the hummocky 



Fia. X%'-2. '- Diagruut illustrating the source and disposal of rainfall and the hydrology *of a 
basalt terrane. A, Rainfall; B, evaporation; C'* transpiration from vegetation; D, runoff; E, infih 
1 ration and recliarge to the zone of saturation. In the right upper corner a lava flow is shown 
filling a stretch of canyon, thereby making a lake on its upstream end, where the water sinks into 
the lava, and a spring at the downstream end where the water emerges. All streams sink in the 
permeable lavas where they reach the plain. The water moves chiefly along the ancestral prelava 
canyons which arc indicated by dotted lines, and emerges where the main lava-filled canyon in the 
lower block is cut by a transverse valley. This valley was cut at the contact of the volcanics and 
impermeable rock. The alcove or amphitheater is typical of large springs in a lava terrane. Wells 1 
and 3 penetrate saturated lavas and encounter water (solid black), but wells 2 and 4 are dry because 
they encounter only lavas above the water table and impermeable rock. The broken line in the 
lower block indicates the contact of the volcanics and underlying rock. Gravels lie in the ancient 
stream beds under the lava (indicated by small stippled area in the main lava-filled canyon) and as 
interfingering fans at the foot of the mountains. 

surface of the lava the stream usually meanders from oue side to the other, 
and later, when it cuts down to its former valley floor, benches of lava are 
left in the elbows of the meanders. If the valley was wide before the lava 
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was poured out, and if it has several tributaries from each side, usually 
two streams are formed — one on each side of the lava fill. Lava flows 
partly filling valleys are known as intracanyon basalts. Their number is 
legion. They occur in practically every basaltic area. The great erup- 
tion in Iceland from the Skaptdr Jokull fissure in 1783 [4] produced so 
much lava that it partly filled one valley for 50 miles and another for 40 
miles, with lava in places 600 feet deep. A striking example in the United 
States i.s the copious flow that inundated the headwaters of the Deschutes 
and Crooked Rivers in Oregon. This lava flow filled or partly filled the 
C?rooked River Canyon for about 30 miles and then continued for at least 
8 miles down the Deschutes River. It was so voluminous that it flowed 
up the Deschutes River for more than 4.5 miles from the mouth of the 
Crooked River, where it is 900 feet thick [21, pp. 143-146]. This lava 
gives rise to numerous springs fed by water finding its way through the 
basalt along the buried drainage channels. 

Smaller lava flows tumbling into river valleys commonly create lakes 
on their upstream sides and springs at their terminal margins, as in 
McKenzie Valley, Oreg. [18], or in the Lung Chiang Province, Manchuria 
[12]. This hydrologic condition is illustrated in Figure XV-2. 

The Bnake River Plain, Idaho, is an example of a vast drainage 
pattern obliterated by lava flows (Fig. XV-3). For 200 miles along the 
north side of this extensive lava plain all the rivers descending from the 
mountains sink into the porous lava. The volume of water is so great 
that the basalts are saturated for a considerable thickness above the imper- 
meable basement rock, and the water table slopes gently southwestward. 
Near the west end of the plain, where the lava ends, great quantities of 
ground water discharge from the ancient lava-filled canyons of the Snake 
River [24]. This hydrologic condition is represented diagrammatically in 
Figure XV-2, in which wells are shown to illustrate why some obtain water 
and others do not. 

The marked changes brought about by lava flooding an eroded sur- 
face sometimes have unforeseen economic effects. Thus, when the Black- 
foot Reservoir, in southeastern Idaho was built, leakage from it ruined 
land 6 to 9 miles away in another drainage area and formed three lakes. 
This was due to the fact that the present divide between the two drainage 
basins is different from the underlying pre-lava divide. The upper end 
of the reservoir lay south of the pre-lava divide, and water leaking from it 
flowed south toward Soda Springs and underground, whereas leakage from 
the rest of the reservoir flowed north [32]. 

WATER-BEARING PROPERTIES OF BASALTIC ROCKS 

Lava flows —All basaltic flows except massive ones are very permeable 
(Figs. XV-4 and XV-5), The cavities and crevices within and between 
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lava flows, named in the order of their potential yield of water, are inter- 
stitial spaces in clinker or flow breccia, cavities between beds, shrinkage 
cracks, gas vesicles, lava tubes, cracks produced by ineclianical forces 
after the flows have come to rest, and vegetation-mold holes. This order 
varies slightly for different areas. Clinker is lacking in pahoehoe flows, 
but doughy slaggy material may be present (Fig. XV-4). The lava flows 
in the Triassic rocks of Connecticut are so massive that even the shrinkage 
cracks transmit very little water. A well at Hartford, Conn., obtained 
less than 4 gallons a minute after penetrating 169 feet of basalt [3|. These 
flows are so impermeable that they confine water under pressure [13]. 
Gas vesicles are rare in thick dense flows. In the Snake River lava plain 



Fig. XV-4, — Highly permeable pahoehoe basalt containing many small tubes, shrinkage crack.s, and 
thin layers of slaggy lava, near Olowalu, Maui, Hawaii. 


aa lava flows are scarce but tub^s in the pahoehoe are large and numerous. 
Open rifts and earthquake cracks are also present. Pahoehoe tubes are 
likewise great water carriers in the Pleistocene basalts of Oregon. The 
cracks produced by mechanical forces after the flows have come to rest 
are of the greatest importance where much faulting has occurred. In 
treeless areas covered by lava vegetation molds are too scarce or too small 
to be of value as carriers of water. 

^ ^ ^ cities, villages, farms, and irrigated tracts in the north- 

western part of the United States and the city of Honolulu and large 
sugar-cane plantations in the Hawaiian Islands obtain their water supplies 
from basalt. It was computed several years ago that the voluminous 
springs issuing from basalt in the Snake River Canyon near Twin Falls, 
Idaho, yielded enough water to supply all the cities in the United States 
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of more than 100,000 inhabitants with 120 gallons a day for each inhabit- 
ant [10, p. 44]. 

Subaqueous basalt flows have water-bearing properties distinct from 
either ati or pahoehoe. Lava poured into bodies of water, or apparently 
even lava congealing in the presence of large quantities of steam, assumes 
physical properties that readily distinguish it from lava in ordinary sub- 
aerial flows. Pillow lava, or ball- 
like masses of basalt 1 foot or more 
in diameter, with glass rinds and 
internal radiating gas vesicles, l 5 dng 
in a matrix of comminuted glass, 
typifies such basalts. The inter- 
stices between the pillows may be 
only partly filled, and hence water 
may pass freely through them. 

Most of the great springs in the 
Snake River Canyon near Twin 
Falls, Idaho, is.sue from pillow lava 
[24, p. 433]. On the other hand, the 
pillow lavas in the lower 150-foot 
sheet of basalt in the Triassic of 
Connecticut and those in the island 
of Guam have relatively low per- 
meability, because the interstices 
have been largely filled with sec- 
ondary minerals. 

Pyroclastic rocks . — The basaltic 
pyroclastic rocks are of two physical 
types if classified according to the 
process by which they are made — • 

(1) the product of fire fountains, 
comprising fine glassy ash, pumice’ 
spatter, and cinders; and (2) the near Olowalu. Maui. Hawaii. 

product of catastrophic explosions, comprising ash, lapilli ash, agglomerate, 
and vent breccia. Either of these types may be water-bearing and may 
later become non-water bearing through consolidation. 

WATER-BEARING PROPERTIES OF HIGHLY SILICIC ROCKS 

’ « ■ 

Lava flows . — Highly silicic flows in the United States of Tertiary or 
older age generally have low permeability, because they are massive and 
their brecciated , parts are firmly compacted. Such water as moves 
through them usually follows narrow cracks produced or widened by later 
deformation or faulting, g.nd wells drilled into them yield little or no water. 
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Some notable exceptions occur, chiefly in the glassy rocks. Big Springs, 
Idaho, discharges about 180 second-feet [10, pm. 53] fro spherulitic 
obsidian and rhyolite, and copious springs issue at Obsidian Cliff, in 
Yellowstone National Park. 

Dams and reservoirs built in Tertiary silicic rocks are generally suc- 
cessful, but careful investigations should be made to determine whether 
permeable zones occur in them. 

Thick, highly brecciated Quaternary silicic flows and their associated 
loose pumice deposits, such as those in the Medicine Lake and hlono Lake 
regions of California and on Newberry Volcano, Oregon, are extremely 
permeable, and rain and snow falling on their surfaces disappear without 
runoff. 

Pyroclastic rocks . — Highly silicic consolidated pyroclastic deposit.s 
vary greatly in their permeability. Fractures in these roc;ks produced 
during consolidation or later flexing may be sufficiently numerous to yield 
water freely. However, some of the pyroclastic rocks are sufficiently 
compact and free from joints to serve as confining beds for artesian water 
where, they are interstratified with permeable sedimentary rocks in syn- 
clines or homoclines. The unconsolidated pyroclastic deposits are very 
permeable. 

WATER-BEAEING PROPERTIES OF ROCKS OF INTERMEDIATE 

COMPOSITION 

Lava flows . — The rocks of intermediate composition diflter greatly in 
their influence on the movement of ground water. Their water-bearing 
properties depend on their physical form after they come to rest and the 
degree of subsequent compaction and alteration. Many are poured out 
as flows 300 to 600 feet thick, whereas others with low silica content 
approach basalts in form and water-bearing properties. 

Clinker phases of massive trachyte flows transmit water freely in 
areas of heavy rainfall. Springs yielding as much as 500,000 gallons a 
day discharge from such rocks on the island of Maui, Hawaii. Dikes 
feeding these flows are commonly 15 feet or more wide and are very imper- 
meable. They cut underlying permeable basalts and confine water in 
them more effectively than basaltic dikes. However, the rocks of the dike 
complex of Guam are so highly mineralized that they yield only about 
600,000 gallons of spring water a day in dry weather to streams draining 
them. Under the same coAditions of rainfall, but without mineralization, 
they would yield several millions of gallons a day. 

A spring 3 delding 500 gallons a minute issues from a fault near the 
perifery of the trachytic plug forming Matafao Peak, Tutuila, Samoa. 
The spring is not thermal and fluctuates with the rainfall, indicating that 
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it is supplied by percolation through the closely spaced joint system in 
the trachyte. 

Pyroclastic rocks . — ^Lava rocks of intermediate composition make up 
the major part of the volcanoes in the regions bordering the Pacific Ocean. 
Most of these rocks in the islands bordering the Asiatic continent are pyro- 
clastic and, if Tertiary or older, are generally compacted and deformed. 
Their water-bearing properties are little known, as hydrologists have made 
few studies of them. 

Deformation may or may not increase the water-bearing properties 
of such pyroclastic rocks. Consolidated tuffs and agglomerates are gen- 
erally brittle, and when deformed even slightly they develop numerous 
joint cracks. Thus, in the south end of the island of Guam the poorly 
sorted coarse agglomerates that normally would not be permeable carry 
water in the fissures produced by warping. 

Tumalo Reservoir, Oregon [2], failed because of joint cracks in a 
pink tuff. The andesitic breccias and mud flows of northwestern Wyo- 
ming, how’ever, are nearly free from joint cracks and yield water sparingly. 

Folding and faulting may be so intense as to render tuffs and per- 
meable pyroclastic rocks virtually impermeable by compressing the beds 
into tight folds or making them very discontinuous, as in central Guam. 

The unconsolidated pyroclastic deposits of intermediate composition 
are very permeable. Some of the spring-fed rivers of Japan and Java rise 
in such deposits. 

The whole subject of the occurrence of water in silicic and inter- 
mediate volcanic rocks awaits further study, but as a group they are far 
less permeable than basalt. 

FORM OF THE WATER TABLE 

The water table in lava plains is generally very flat, but its gradient 
is largely determined by the slope of the impermeable pre-lava terrane. 
The water-table gradient averages less than 4.5 feet to the mile in the 
100-mile stretch of basalt between Idaho Falls and Minidoka, Idaho, but 
averages 25 feet to the mile in some other stretches. These variations 
are believed to result from different slopes in the underlying surface of the 
impermeable basement. A short distance downstream from Roberts, 
Idaho, the water table passes beneath the Snake River with a steep 
gradient and does not become tributary to the river again until the Ameri- 
can Falls Reservoir is reached, 95 miles downstream. 

The high porosity of basalt causes the water table to be close to the 
impermeable basement rock if the outlet of a lava-filled basin is low. 
Thus, if the lava is thick the depth to water will generally be great. The 
depth to the water table in the Snake River lava plain is generally more 
than 400 feet, except near tracts where the water table has been raised by 
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irrigation. It is also far below the surface in most of the basalt plateaus 
of California, Oregon, and Washington. 

The water table under a basalt plain is generally almost flat. Thus 
the depth to ground water may be predicted with considerable accuracy 
providing a few wells have been drilled and the altitude of the surface is 
known. If, however, clay beds interfinger with the basalt, complicated 
forms of the water table result, as at MudLake, Idaho (Fig. XV-6). Water 
is at or close to the surface in the basalt on the north shore of this lake, 
whereas 3 miles away, on the south shore, ground water is recovered in 



Flu. XV~6, — Water-table map of the Mud Lake Basin, Idaho, for 1929. The lake is perelied 
on clay beds and the land about it is flat. The contours show that north of the lake there is only 
one water table, but that south of the lake there is a perched water table and below it the main water 
table with a ground-water cascade. 

sandy clay by shallow dug wells, but the water in the basalt lies about 250 
feet below the surface. The gradient of the water table in this stretch is 
about 80 feet to the mile. Similar ground-water cascades were found 
near Roberts, Rupert, Arco, and several other towns in southern Idaho. 

The basement rock of a basaltic terrane is commonly rugged and 
impermeable. Buried ridges of basement rock may project above the 
water table. Thus, a well on one farm may be dry, whereas wells on 
adjacent farms may encounter water. This condition, which exists near 
Twin Falls, Idaho, is illustrated by wells 2 and 3 in Figure XV-2. 

The water table in basaltic islands is flat because of the high per- 
meability of the rocks. In general, it rises from sea level at the coast at 
the rate of 1 to 3 feet to the mile to a point below the wettest part, which 
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may or may not be the highest point on the island. 
If no dikes or other intercepting sti'uctural features 
are present, the form of the water table will be 
essentially that of a fiat dome near sea level. How- 
ever, most basaltic islands are cut by a dike com- 
plex, so that the water table is not continuous across 
the island but lies at various levels between the 
dikes, as shown in Figure XV-7. All permeable 
rocks are saturated below the main water table. 

WATER IN BASALTIC ISLANDS 

Basal water . — The name “basal ground water” 
has been applied to all fresh water floating on salt 
water in permeable rocks below the water table in 
basaltic islands to distinguish it from perched bodies 
of ground water [11, p. 10]. Borings indicate that 
the rocks are saturated with fresh water for certain 
depths below the basal water table, and then salt 
water is encountered. 

The Ghyben-Herzberg principle of the behavior 
of fresh water in contact with salt water in a pervi- 
ous formation [23, p. 238] is applicable to the basal 
water in a basaltic island. Accordingly, the depth 
to salt water is a function of the specific gravity of 
the salt water and of the altitude of the water table 
above sea level. The depth to salt water is always 
less than the theoretical depth, because of chemical 
diffusion and mixing resulting from ground-water 
fluctuations. The zone of mixing for a given static 
head is usually thinner where large volumes of 
ground water are moving seaward than where the 
water is moving slowly in small quantities. 

Perched ground water . — Features of six types 
are known to perch water or to hold it above the 
basal water table in a basaltic island. They are 
sills, ash or tuff beds, soil, alluvium, ice, and dense 
flow rock. 

Sills that lie nearly horizontal intercept down- 
ward-percolating water and cause it to move along 
their upper surfaces if they are not so highly fissured 
as to allow the water to escape through them. Sills 
play an important part in regions where they are 
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numerous and extensive. Water is developed on sills by tunnels contouring 
their buried upper surface. 

Ash or tuff beds interstratified with basalt intercept downward per- 
colating water in much the same way as sills. They may perch exceed- 
ingly valuable water, as in the Kau District, Hawaii, where tunnels 
aggregating several miles in length have been driven to recover water on 
them, or they may be relatively urdmportant, as on Oahu. If the ash is 
too coarse or not compact, all or most of the downward-moving water may 
percolate through it. Water is recovered from tuff beds by tunnels con- 

touring their buried upper surface 

(Fig-xv-8). 

J The effectiveness of soils inter- 

1 stratified with basalt for perching 
water depends partly upon their 
texture, continuity, and thickness. 
Soil 6 feet thick lying between the 
permeable Tantalus fire-fountain 
debris and the Koolau basalt gives 
rise to valuable springa in Hono- 
lulu. In the eastern part of Maui, 
Hawaii, tunnels aggregating several 
miles in length have been driven to 
develop small flows of water 

Fig. XV-8. — Diagram illustrating the posi- perched OU thin SOil beds lying 

tion of a tunnel driven to recover water perched between basalt floWS. The yield 
on an ash or soil bed between permeable lava ^ ^ ^ 

flows. Three perching ash beds are shown one from SOlI bods is USUSllly SmElL 
above the other each with its separate tunnel, mx. j. • j i x - i 

The top part of the block is lifted to show the itlG WEtOr IS rGCOVGFGu oy tUimOlS 

plan of the tunnel. contouring their buried upper sur- 

faces. Such a tunnel will be very crooked if the soil was formed on a rugged 
terrane prior to burial. (See Fig. XV-8.) 

The alluvium in tropical islands usually contains much silt and is 
partly or completely weathered. This gives it a low permeability, and 
hence where it is overlain by basalt water sinking in the congealed lava 
.will usually be perched by the alluvium. Nxunerous lava flows resting on 
alluvium in Oahu and Maui give rise to springs, some of which yield more 
than half a million gallons a day. Water is recovered by tunneling to the 
lowest part of the lava flow along its basal contact (Fig. XV-9). 

Water is perched in basalt in regions of perennial ice, as on the tops 
of high mountains, such as Mauna Loa and Mauna Kea, Hawaii. The 
water cannot percolate downward, because the crevices are filled with 









Fig. XV-8.— Diagram illustrating the posi- 
tion of a tunnel driven to recover water perched 
on an ash or soil bed between permeable lava 
flows. Three perching ash beds are shown one 
above the other each with its separate tunnel. 
The top part of the block is lifted to show the 
plan of the tunnel. 


ice. The quantity of such water is always smaU but may be valuable to 
hikers in out-of-the-way places. Such perched water was the only source 
of water supply in the Craters of the Moon National Monument, Idaho, 
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for several years, and it affords the only perennial supply in the Modoc 
Lava Beds of California [17], 

Small pools containing several gallons of water are found in a few 
places in rainy or foggy areas in shallow depressions on flat cakes of 
uncracked basalt. Such cakes are generally in pahoehoe flows and are 
simply natural rock tanks. In the Kona District, Hawaii, some lava 



Fia. X ¥"9."' Diagram showing position of tunnois driven to recover perched water in lava-fillcd 

vaUeys. 

tubes contain several hundred gallons of water. Apparently the cracks 
in the tube floor are silted sufficiently to perch water percolating through 
the roof of the tube and along the floor. The water collects in low places 
in the tube, generally at the mouth, where suflficient dirt has been washed 
in to seal the cracks in the floor. The water persists even during dry 
weather, because evaporation is slight. It is possible that heavy dew 
and fog condensing on the roof of the tube supply some of the water. 
Springs obviotxsly supplied in part from dew occur near Ulupalakua, on 
the island of Mam, Hawaii. Some of these springs discharge from out- 
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crops of permeable ash overlying impermeable lava that occurs in short 
flows about 1 foot thick on the sides of cinder cones. 

Ground water confined in dike complexes . — Dike complexes underlie 
the rift z:ones of volcanoes. The dikes are progressively more numerous 
toward the heart of the complex and also at greater depths below the 
surface. Thus, the depth at which all extrusive basalt is replaced by 
intrusive basalt varies in different parts of the complex, but it is always 
least in the heart of the complex. In most complexes in Hawaii water is 
confined between nearly vertical dikes, and the rock is saturated to whatever 
depth the rocks are pervious below the water table. It is highly probable 
that the rocks are saturated with fresh water to the bottom of the pervious 
rock if the water table is 200 feet or more above sea level. If less than 
this height the fresh water may or may not be underlain by salt water, 
depending on whether permeable rocks extend to the depth required by 
the Ghyben-Herzberg principle. 

A swarm of dikes cutting through permeable beds of basalt commonly 
confines ground water at high levels. This occurrence of water has world- 
wide signific£^nce, as most large basaltic volcanoes contain swarms of dikes. 
The dikes have low permeability and imprison the water in the intervening 
compartments of pervious lava beds. Such water is commonly very valu- 
able, because it usually has a high head and uniform flow. The water 
is not perched in the usual sense, because the rock is saturated below the 
water table and is thus not a saturated body underlain by a zone of aera- 
tion. Individual dikes may be sufficiently impervious to resemble a sill 
in preventing the water from percolating to lower levels; such water is 
perched. However, in most dike swarms there are sufficient leak.s through 
crevices in the dikes for the whole mass to be saturated below the water 
table, as shown in figure XV-7. Furthermore, the water table of any one 
of the dike-enclosed compartments may be at a different height from the 
one next to it, as shown in the same figure. 

The dikes that confine water in a complex are in general sufficiently 
cracked to allow some water to move transversely through them. Even 
small cracks in dikes near sea level under a hydrostatic pressure of several 
hundred feet must allow considerable water to pass through them to join 
the adjacent basal zone of saturation. Tunnels driven into the dike com- 
plex develop water largely by reducing the pressure in the leaks from the 
compartments penetrated, and also by draining water through the dikes 
of adjacent compartments not penetrated, as a result of a hydraulic 
gradient being created toward the tunnel. It is chiefly for these reasons 
that the lower the altitude of a tunnel the wider will be its zone of influence 
and the greater its yield. 

Many tunnels have been driven into the zones of water confined by 
dikes in the Hawaiian Islands. Puch tunnels on Oahu alone yield about 
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12.250.000. 000 galloiiKS of water annually. Springs issue if the saturated 
part of a dike complex is cut by erosion or faulting. Such springs emerg- 
ing from a dike complex on Oahu yield about 19,800,000,000 gallons 
annually. 

When tunnels first cut the dike compartments they commonly drain 
large quantities of stored water. In the main Waiahole bore, Oahu, 

16.348.000. 000 gallons, in excess of the normal daily ground-water yield 
of 8,600,000 gallons was drained from storage between the dikes in 
the pei'iod August 1913 to May 1916. It may take as long as 8 years for 
the stored water in a dike complex to drain out, as shown by the record of 
Waikano tunnel No. 1, Oahu. 

It was recommended to the Oahu Sugar Co. in 1932 and to the United 
States Navy in 1934 that certain dikes in their tunnels be rebuilt by means 
of concrete plugs equipped with control gates, to store water in the ground 
during periods of rainy weather when the flow was not needed. These 
plugs were later installed and showed conclusively that many million 
gallons of water can thus be stored in the ground. The plug in Waikane 
tunnel No. 2 of the Oahu Sugar Co. stored more than 23,000,000 gallons 
in 22 days. Such utilization of underground reservoirs has great possi- 
bilities for the economic conservation of water. 

ARTESIAN WATER 

Artesian water may occur in basalt as follows: (1) In counter- 
balance with salt water in undisturbed lava beds with an upper confining 
bed of impermeable sedimentary rocks but without a lower restraining 
member; (2) confined within lava beds interstratified with impermeable 
sedimentary rocks and subsequently warped; (3) confined in unwarped 
lava beds laid down between impermeable sedimentary rocks that were 
deposited with a dip suflScient to cause artesian pressure. 

The greatest known artesian basin in basalt is in Oahu, Hawaii. 
There relatively impervious sedimentary rocks and submerged soil blanket 
the basalt along the coast and confine the water under pressure. Such 
artesian conditions are very different, however, from those of ordinary 
artesian basins, because the lower restraining bed is lacking. The head is 
maintained by the counterpoise of the heavy sea water. 

Several artesian areas with different static heads are found in 
some islands [14, p. 40]. They are caused by deeply submerged val- 
leys and ridges, as shown in Figure XV-10. The difference in head between 
the areas is dependent upon the hydraulic gradient of the water table 
inland of them and upon loss in pressure caused by submarine leaks in the 
compartments. 

Artesian water in basaltic islands is also found not in counterbalance 
with salt water but confined between impermeable beds. Two types of 
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structure are known — (1) dike complexes in which the lower restraining 
member is intrusive basalt and the upper confining member is imper- 
meable sedimentary rock [23, p. 268]; and (2) beds of permeable basalt 



The fresh water occurs in basalt, floating on salt water, according to the Ghyben-Herzberg 
principle, and separated from it by a zone of mixture. The water is confined in the buried ridges 
under pressure by the sedimentary cap rock. The upper boundary of the area of artesian flow is 
determined by the height of the water table in the adjacent ridges, and the lower boundary by the 
seaward end of the fresh-water lens, A spring issues at the point where the cap rock is eroded below 
the upper boundary of the area of artesian flow. Drilled wells I and 5 (stippled) contain salt water* 
wells 2, 4, 6, and 7 (solid black) are flowing wells that yield fresh water, and well 3 (white) is dry 
because all ground water in the cap rock has been cased out and water-bearing basalt was not reached. 
The shaft will safely recover more water than drilled wells because it is far above the zone of mixture. 
Also, if the water is distributed from a reservoir as shown, less pipe line is necessary than if the water 
is pumped from wells on the plain. The partly buried cinder cone in one of the valleys was the source 
of the lava flow in the cap rock. Such lava yields water; if it is in contact with coral limestone or 
other pervious rocks the water in it will usually be brackish at or below sea level but fresh where the 
lava lies above sea level. 

interstratified with (a) dense lava sheets in wet areas, or (b) impermeable 
sedimentary rocks in valleys or along the coast, generally resulting from 
secondary lava flows that have followed valleys seaward and become inter- 
stratified by subsequent deposition of the sediments in deltas or fans. 
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Basalt flows interstratified with fine-grained pyroclastic or imper- 
meable sedimentary deposits having either an initial dip or a dip induced 
by subsequent earth movements yield artesian water to wells in a few 
localities in the United States. The water moves down the dip through 
the basalt and is confined above and below by the impermeable beds. 
Artesian water in large quantities is recovered at shallow depth by wells 
penetrating a basalt flow interstratified with unwarped clay beds at 
Hamer, Idaho [28, p. 43]. 

FIAICTUATIONS OF THE WATER TABLE 

The water table in basaltic rocks, as well as in other permeable media, 
fluctuates in response to changes in the rate of recharge and discharge and 
to minor causes. In general these fluctuations are small compared to 
those in most other rocks, because the pore space is large. 

The water table responds with a lag of a few days or a few months to 
changes in the rate of recharge, the time depending on the distance of the 
recharge area from the observation well. Records of water-table fluctua- 
tions at Blue Lakes Spring, Idaho [25, p. 61], indicates that the discharge 
of this spring increases 3 3 '2 months after land is irrigated on the Hazelton 
tract, 15 miles to the east. Thus the average rate of movement of the 
water-table peak in this area is about 750 feet a day. If large quantities 
of irrigation water are suddenly applied the peak moves at the rate of 
about 850 feet a day. 

The water table may rise progressively for long periods and may 
eventually give rise to drainage problems in regions where the natural 
ground-water outlet of the basalt is restricted, as in the South Side Twin 
Falls tract, Idaho. Irrigation water was first used in that tract in 1905, 
but the first well was not drilled until 1908. The water level rose 37 feet 
a year in this well during the first 5 years. In one part of the tract the 
average rise of the water table was 25 feet a year for the period 1909 to 
1912. The rapid rise did not continue, however, as the measurements 
made in 1928 indicate an average rise of only 3.8 feet a year since 1913. 

Directly across the Snake River Canyon from the South Side Twin 
Falls tract lies the North Side Twin Falls tract, in which more than 600,000 
acre-feet annually (an average of about 535,000,000 gallons a day) is con- 
tributed to the underlying water table, yet no drainage problems exist. 
The water table rises and falls only about 5 feet a year and remains far 
below the surface, because the tract is underlain by several deep ancestral 
canyons of the Snake River filled with permeable basalt, which serve as 
natural drains. 

Blowing and sucking wells are common in the lava regions of the 
United States. These are due to the pore space in the rock absorbing or 
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emptying air according to changes in barometric pressure. At Jerome, 
Idaho, a home is cooled by means of the air from one of these wells. 

The chief draft on the ground water may be transpiration from plants 
where the water tdble is close to the surface, as in the Mud Lake Basin, 
Idaho. In such places the water table declines rapidly during the growing 
season and recovers in the fall, when the plants cease growing. 

In general the water tables in basaltic terranes in the continental 
United States have been rising or have remained practically stationary 
since measurements were first made. The rise has resulted from recharge 
from surface-water irrigation. Pumping has not yet begun on a sufficiently 
large scale to lower the water table except locally. The basaltic terranes 
contain very large quantities of water awaiting development. 

In contrast to the mainland, pumpage from basalt ha.s progres.sively 
increased in the Hawaiian Islands, especially on Oahu, where the average 
daily draft from wells entering basalt is 290,000,000 gallons. The average 
annual quantity of ground water visibly discharged from wells, springs, 
and tunnels on that island is 25.6 percent of the average annual rainfall as 
determined from existing records [23, p. 442]. The water table in Oahu 
has declined various amounts since artificial draft was begun. The great- 
est drop has been in artesian area 2 in Honolulu, where the static level fell 
18.6 feet between 1881 and 1926. Since that time, owing to conservation, 
the sealing of leaky wells, and increased precipitation, the water level has 
risen about 10 feet. 

The tide, the fluctuations in atmospheric pressure, and some earth- 
quakes cause minor fluctuations of the water level in the artesian wells in 
Oahu. Between 1927 and 1940 the water levels of wells in Honolulu were 
affected by earthquakes in the United States, Turkey, China, Alaska, 
Japan, New Guinea, New Caledonia, Mexico, Peru, Fiji, Chile, the 
Philippine Islands, the Kurile Islands, the Aleutian Islands, New Zealand, 
Hawaii, the Carolina Islands, Burma, Nicaragua, the Solomon Lslands, 
Bonin Island, and the Marianas Islands. 

NATURAL AND ARTIFICIAL DISCHARGE OF GROUND WATER 

The great natural reservoirs formed by basalt usually discharge 
through springs that may be spectacularly large. Of the 66 first-magni- 
tude springs [10, p. 4; one spring in the Deschutes River Basin is added to 
Meinzer’s list] in the United States, or those having an average discharge 
of 100 second-feet (about 65,000,000 gallons a day) or more, 36 issue from 
basalt (Fig. XV-1 1) . Some individual vents discharge hundreds of second- 
feet of water. Most of these large springs issue from basalt occupying 
former valleys (Fig. XV-2), but some, such as those along the shore of Pearl 
Harbor, Oahu, discharge from flat-lying sheets of basalt at low points in 
the caprock of an artesian system (Fig. XV-10). 
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ARTIFICIAL RECHARGE OF THE ZONE OF SATURATION 

Artificial recharge of ground-water reservoirs in basalt has been little 
tried, but as pumping is increased it will doubtless be more extensively 
practiced. The East Maui Irrigation Co. has for several years been run- 
ning surplus irrigation water down gullies near its large wells to recharge 
the basal zone of saturation. Quantitative data are lacking to prove the 
efficacy of such recharge., but there 
can be little doubt that it is highly 
beneficial. 

In general, reservoirs built in 
basalt terranes are so leaky that 
they afford good means for accom- 
plishing artificial recharge where 
the surface water and reservoir sites 
are available and where careful 
study of the rock structure indicates 
that the water will percolate to the 
underground reservoir intended. 

Four reservoirs in the Nuuanu 
Valley, belonging to the City and 
County of Honolulu, leaked so 
badly after they were built that 
they were abandoned. It was 
erroneously thought that these 
reservoirs were not a total loss, 
because the seepage from them was 
supposed to reach the Honolulu 
artesian system and hence supple- 
ment the city wells. Geologic in- 
vestigations, substantiated by 
drilling, showed that this water 
found its way to the sea through lava flows perched on alluvium, and 
that the water was not recovered again by wells, nor did it enter the 
artesian system. 

It is feasible on the island of Lanai to pump basal water from a well 
near the coast to a well shaft penetrating the zone of saturation in the dike 
complex, and there to store it in the rock from which natural stored water 
has been pumped . The Oahu Sugar Co. has for several years been running 
stream water into a shaft and infiltration gallery from which basal water 
is pumped, thereby decreasing the salt content and increasing the amount 
of fresh water stored in the rocks. 



Fig. XV-11. — Burney Falls, Calif., a basalt 
spring discharging about 150 second-feet of water 
(approximately 100,000,000 gallons a day). 
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It is possible to recharge basalt by running water down drilled wells. 
Caution must be used to avoid pollution in artificially recharging a ground- 
water reservoir from which drinking water is taken. 

SURFACE WATER 
Streams 

Permeability, topography, nearness of the water table to the surface, 
and intensity and quantity of rainfall are the chief factors governing the 
character of runoff from volcanic terranes. Hundreds of square miles of 
the lava plains of Idaho, Oregon, California, and New Mexico and of the 
recent basaltic cones on islands in the Pacific have no runoff. In some 
places runoff is lacking even though the rainfall may reach 200 inches 
annually or 24 inches during a single day. These areas are great sponges, 
and their capacity to absorb rainfall is phenomenal. Some of them ai'e 
densely covered with jungle forests and some are bare, hence vegetation 
plays virtually no part. All are relatively flat terranes, underlain by 
relatively fresh basaltic lavas or pumice and by low water tables. Most 
of them do not even have drainage channels developed on them, even 
though they may be as old as Pleistocene. If, however, the terrane is 
steep, runoff may occur during heavy rains. Contiguous rock bodies of 
high permeability are found near Hilo, Hawaii, one steep enough to have 
runoff during storms and the other flat enough to absorb all the rainfall. 

It is not unusual for the trunk stream crossing basaltic terranes to 
gain for long distances, then abruptly to start losing water and finally, 
after flowing many miles, to regain all the water previously lost- This 
action is due to hills and valleys in the impermeable basement rock. 
Where steep drops occur in the basement, the water cascades to a lower 
level through the very permeable lava. Usually nothing on the surface 
indicates the presence of this underground cascade, which changes the 
river from a gaining to a losing stream. The river may regain the lost 
water farther downstream if its valley intersects the same water-bearing 
lavas. 

An area of about 10,000 square miles in southern Idaho underlain by 
basalts has no surface runoff, and most of the streams from the bordering 
mountains sink at the margin of the plain. The Snake River, with an 
annual flow of about 6,000,000 acre-feet where it reaches the plain, man- 
ages to reach the lower end of the lava fields without sinking by hugging 
their margin most of the way in a channel underlain by other rocks. In 
some stretches where the stream flows against basalt it loses heavily, but 
in other stretches, where it has cut a channel below the water table, it 
gains. Thus in the 60-mile stretch between Blue Lakes and King Hill 
its average gain is 6,180 second-feet [25, pp. 199-201]. 
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The Deschutes River, Oregon, is typical of streams without flood 
flows draining large areas underlain by andesitic pumice and basalt. It 
heads in a group of spring-fed pools near Bend. As it flows northward to 
the Columbia River it picks up about 4,500 second-feet of spring water. 
It has a more uniform flow than any other river of its size in the United 
States [21, p. 162]. Most of the great rivers of the North Island of New 
Zealand have a similar regimen. They drain extensive areas of silicic 
pumice. 

Streams on basaltic islands in the Tropics old enough to have devel- 
oped soil and drainage channels are flashy and intermittent because of 
their steep gradients and the high porosity of the rocks. Floods of 6,260 
second-feet per square mile of drainage basin have been recorded on 
Oahu, Hawaii [33]. Such streams deposit very little sand, the usual 
sediment being either mud or a bouldery alluvium resembling a mud 
flow. The small proportion of fine to coarse sediment results from the 
fact that low-stage velocities are very low and flood velocities extremely 
high. Some rivers, as for example the Rogue River, Oregon, disappear 
into lava tubes and reappear where the tubes again reach the surface. 
Some streams fail to reappear because the water finds its way through 
crevices to the water table or to a different stream. 

Large perennial streams may erode channels across lava fields in spite 
of a water table far below the stream bed. They do so by slowly silting 
up the crevices in their channels. Disturbing the regimen of such a stream 
by diverting the water for part of the year may cause great losses as a 
result of the silt drying in the crevices and being eroded away when the 
stream returns to its channel. Losses in a 45-mile stretch of the Big Wood 
River, Idaho, have increased 145 second-feet since it was dammed in 1920 
[25, p. 261]. 

Seepage losses are extremely variable because the stream beds may 
within short distances be on fresh or on deeply weathered lava or on 
relatively impermeable alluvium. 

Structural features within permeable lavas may also greatly influence 
the regimen of a stream. Thus, the streams on the southwest side of the 
deeply eroded Koolau Volcano, on Oahu, are intermittent, and those on the 
northeast side are perennial. Such an anomalous condition is caused by 
the streams on the northeast side cutting into a swarm of impermeable 
dikes which cut across the permeable lava beds and give rise to an efiluent 
water table. 

Surface water dissolves very little mineral from lava terranes, hence 
the quality is generally excellent. The chloride content of the water of 
moderate floods on Pacific islands is usually greater than for low flows 
because during heavy rains the salt spray that had been carried inland 
during periods of dry weather is washed from the vegetation. 
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Lakes 

Many lakes have been formed where lava flows have dainneil streams 
— for example, Davis Lake, Oregon. Such lakes generally have under- 
ground outlets, the water reappearing many miles downstream at the 
lower end of the lava flow. Some lakes have neither a surface inlet nor 
a surface outlet. They generally lie in the depression between two or 
more lava flows of different ages that have partly filled a stream \'alley. 

Where streams carrying large quantities of silt sink at the margin of 
a lava plain they may develop intermittent lakes, which are filled only 
during times of heavy runoff. The water is dissipated from such lakes by 
evaporation and by percolation through the silt floor into the underlying 
lavas. 

Small ponds are found in depressions in lava fields where animals 
have puddled the crevices with mud. Examples are the water holes north 
of St. Anthony, Idaho, puddled by the hoofs of the buffalo that formerly 
roamed this area in large numbers. Small ponds exist in cinder cones in 
regions of high rainfall where decaying swamp vegetation seals the floor. 

Some lakes, such as those near Camperdown, Australia, occupy craters 
that indent the water table of a basaltic terrane. They have no surface 
inlet or outlet, and they rise and fall annually with the regional water 
table. The evaporation from these large groups of lakes is one of t he chief 
elements of the discharge of this great underground reservoir [22]. Evap- 
oration may equal the inflow, and a salt lake may re.sult if the water can 
move freely into such a crater or other depression but has no way to escape 
through the walls, as in Salt Lake Crater, Oahu. 

Many crater lakes are due to the impermeability of the rocks that 
form the walls. Such lakes dot the landscape of New Zealand, Java, 
Japan, and Alaska. These lavas are of the silicic type and are practically 
impermeable. Lakes occupying the craters of active volcanoes may cause 
great catastrophes if the water is suddenly blown out or cracking of the 
rim allows the water to escape quickly. The Dutch Government has 
driven a tunnel into the bottom of the crater lake in the summit of Kcloed 
Volcano, Java. When the temperature of the lake rises high enough 
to indicate that an eruption is imminent the water is drained from the 
lake through the tunnel to prevent it being hurled over the countryside. 

Ireigation systems 

Several irrigation projects have failed because such factors as the 
high permeability of volcanic terranes and the position of the water table 
were not recognized. Losses on the North Side Twin Falls tract, Idaho, 
bordering the Snake River, amount to 600,000 acre-feet annually. It is 
obvious that money would be saved if the water were used on lands not 
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underlain by permeable basalt. Great quantities of water have been 
used to irrigate the South Side Twin Falls tract, Idaho, because of the 
extremely low water table and the high permeability of the volcanic 
terrane. It is estimated that 6,000,000 acre-feet of water went into 
permanent ground-water storage in this tract between 1906 and 1928 
[25, p. 129]. Now certain areas must be drained. The projects succeeded 
largely because the unused flow of the Snake River was plentiful at that 
time. 

The form of the water table along the Snake River is such that it is 
much more beneficial to irrigate land on the south and east sides of the 
river between Firth and Milner, Idaho, than land on the opposite side. 
The underground flow from such lands will return to the river above cer- 
tain large reservoirs and diversions, but that used on the north side will 
return below these diversions, where it will have no value for re-use 
[25, p. 181]. 

Success and failure op reservoirs and dams in basalt 

Basalt in any part of a reservoir site should be regarded with sus- 
picion. Reservoirs in basalt generally fail because the water table is far 
below the floor of the reservoir, with only permeable rock intervening, or 
because there is nearby a canyon or coulee of an ancient stream course, 
now buried, into which the water may percolate through the permeable 
basalt. 

Any conclusions regarding the success or failure of reservoirs in basalt 
are affected by economic considerations that should not be overlooked. A 
reservoir may leak large volumes of water and still be successful if a certain 
amount of water must be discharged past the dam to supply prior water 
rights downstream. An important difference exists between a reservoir 
built to detain water for a few weeks and one built to store water for the 
greater part of the year. Furthermore, the time and duration of runoff 
are influential factors. Thus, heavy leakage from an irrigation reservoir 
in one of the Pacific coast drainage basins, where most of the runoff occurs 
prior to the irrigation season, might mean failure, but equal leakage from a 
reservoir in one of the drainage basins in the high Rocky Mountains, 
where the high runoff occurs later and during part of the irrigation season, 
might not prevent success. A leaky reservoir built for both power and 
storage may be successful for irrigation and a failure for power if the 
seepage around the dam returns to the stream above the diversion point 
of the irrigation canal but so far below the dam as to make it worthless 
for power. A reservoir built for flood control, whether to regulate a 
stream for power or navigation or to prevent destruction of man’s handi- 
work, will retard thp water suflficiently to iron out the flood peaks, even 
if there is considerable leakage past the dam. Therefore reservoirs con- 
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structed for flood control in basaltic areas might be successful where 
hold-over irrigation reservoirs would be failures. Finally, in such reser- 
voirs as the Blackfoot Reservoir, Idaho, the initial cost of storage has 
been so small that they have proved economically successful in spite of 
considerable leakage [19]. 

Reservoirs built where large springs issue close to the dam may fail 
because the pressure of the reservoir water on the springs may cause them 
to find new outlets downstream from the dam. 

The greatest leakage occurs where reservoirs are built in basins high 
above the water table, with permeable basalt filling the space intervening 
between the reservoir and the water table. The lowest seepage losses 
occur where the adjacent water table is tributary to the reservoir basin 
with a slope steep enough to preclude a reversal of ground-water gradient 
at high sta,ges, or where the basalt is underlain by or interstratified with 
impermeable rock. 
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Roman empire, water supplies of, 572 
“ Rubber ice, 138 
Runoff, diagram of, 519-521 
erosion by, 611 
flood, 518 

, general discussion of, 478-485 
influence of vegetation on, 533-535, 538- 
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distribution of storage in, 576-578 
growth of artificial storage in, 574 
location of volcanic rocks in, 679 
major floods in, 541-546 
maximum flood flows in, 548-549 
principal droughts in, 585-589 
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